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DEVICE AND METHOD FOR ROUTING OPTICAL SIGNALS

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provistonal Patent Application No. 63/594.337, filed
October 30, 2023, which is hereby assigned to the assignee hercof and hereby expressly incorporated by

reference herein i its entirety as if fully set forth below and for all applicable purposes.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
This mnvention was made with Government support under Grant Number 2241921 awarded by the

National Science Foundation. The Government has certain rights to this invention.

TECHNICAL FIELD

The present disclosure relates to routing of an optical signal in a photonic integrated circuit.

BACKGROUND

An optical routing circuit (ORC), also known as an optical switch circuit or photonic switch circuit,
is an optical circutt that may route an optical signal received from a light source, through a suraber of sodes
1 the ORC, to one or more optical output channels of the ORC. The nodes of the ORC may carry out the

tasks of routing and distributing the optical signal.

SUMMARY

The present disclosure describes opiical routing circuits and methods of operating optical routing
cirouits, According to an embodiment, an optical routing circuit includes a first node, a second node, a third
node, and a node control system. A first optical signal channel optically couples the first node to the second
node. A second optical signal channel optically couples the first node to the third node. A first node condrol
channel electrically couples the first node to the node conirol system. A second node control channel
electrically couples both the second node and the third node to the node control system. When the second
node is activated and the third node is deactivated: control of the second node by the node control system
through the second nede control channel is enabled, control of the third node by the node control system
through the seccond node control channel is disabled, and control of the first node by the node control system
through the first node control channel is enabled such that the first node directs an optical signal to the
second node through the first optical signal channel rather than to the third node through the second optical

signal channel.
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According to another embodiment, a node of an optical routing circuit inchudes a node optical unit
and a node electrenic unit. The node optical unit comprises an optical switch. The node optical unit is
electrically coupled o the node electronic unit. The node electronic vuit is electrically coupled fo a node
control channel. When the node is activated, the node electronic unit enables control of the node optical
unit by a node control system through the node control channel such that the optical switch directs an optical
signal at the node optical unit to at least one of a first optical signal channel coupled to the node optical unit
or a second optical signal channel coupled to the node optical unit. When the node is deactivated, the node
electronic unit disables control of the node optical unit by the node conirol system through the node control
channel.

According to another embodiment, a method for routing an optical signal includes configuring,
through a first node control channel electrically coupled to a first node of an optical routing circuit (ORC)
and a node control system, the first node to direct, through a first optical signal chanuel optically coupled
to the first node and a second node of the ORC, an optical signal to the second node rather than to a third
node of the ORC through a second optical signal channel optically coupled to the first node and the third
node when the second node is activated and the third node is deactivated. The method also includes
controlling, through a second node conirol channe! clecirically coupled to the second node, the third node,
and the anode control system, the second node when the sccond node is activated and the third node is
deactivated and controlling, through the second node conirol channel, the third node when the third node s

activated and the second node is deactivated.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the drawings are primarily for illustrative purposes and are
not miended to himat the scope of the disclosed subject matter. The drawings are not necessarily {o scale; i
some stances, various aspects of the disclosed subject matter may be shown exaggerated or enlarged in
the drawings to facilitate an understanding of different features.

FIGs. 1A and 18 illustrate example photonic systems.

FIG. 2 illustrates an example ORC.

FIG. 3 dlustrates an example ORC.

FIG. 4 illustrates an example ORC.

FIG. 3 illustrates an example ORC.

FIG. 6 dlusirates an example ORC.

FIG. 7 illustrates an exarmnple ORC.

FIG. % illusirates an example ORC.

FIG. 9 illustrates an example ORC.
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FIGs. 10A, 10B, 10C, and 10D iHlustrate example nodes.

FiGs. 11A, 11B, 11C, 11D, 11E, and 11F illustrate example nodes.
FIG. 12 illastrates an example node.

FiGs. 13A and 13B illustrate example nodes.

FIGs. 14A, 148, and 14C illustrate example node electronic units.
FIG. 13 iHlustrates an example ORC.

FIG. 16A illustrates an example node.

FIG. 16B illustrates an example node electronic unit.

FIG. 17 1s a flowchart of an example method performed in an ORC.

DETAILED DESCRIPTION

The following detailed description inchudes systems, devices, components, racthods, technigues,
and instruction sequences that llosirate embodiments of the present disclosure. In the following description,
for the purposes of explanation, numerous specific details are set forth in order to provide an understanding
of various embodiments of the mventive subject matter. It will be evident, however, to those skilled in the
art, that embodiments of the mventive subject matter may be practiced with or without these specific details.
In general, instruction instances, pratocols, structures, and technigques well-known to those skilled 10 the art
are not necessarily shown in detail.

An ORC 1s an optical circuit that routes an optical signal recetved from a light source through a
number of nodes in the ORC to one or more optical output channels of the ORC. The nodes of the ORC
may carry out the tasks of routing and distributing the optical signal. An ORC may be used for beam-
sicering in a Light Detection and Ranging (LiDAR) svstem, and a common configuration for an ORC s a
Mach-Zehnder (MZ) switch tree, in which cach node of the tree includes an MZ switch as an optical switch
for routing optical signals. An ORC may be miniaturized by implementing as a photonic intograted circuit
(PIC) on a PIC chip. In conventional ORCs, the optical switch in each node may be individually connected
to an electrical node control system, which coutrols the operation of the optical switch. Thus, the nomber
of electrical connections that interface the node control system with the nodes scales with the number of
nodes in the ORC. Consequently, the complexity of the electrical interface between the nodes of an ORC
and the node control system may hmit the size of the ORC {e.g., the number of nodes in the ORC).

The present disclosure describes an ORC that routes an optical signal received from a light source
to one or more optical output channels of the ORC through a number of nodes in the ORC. The ORC
includes a network of nodes optically connccted with optical signal channels, with a node of the network
comprising an optical switch with electronic circuits. The nodes of the netwerk may be controlled by a node

control systern which may be coupled to the nodes. The present disclosure 1s motivated by the fact that,

52
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gven though an ORC may have many optical output channels for out-coupling optical signals from the ORC,
the ORC may only need to roule optical signals to a small subset of the optical output channels
simudtancously at any given moment. For example, the number of optical output channels of the ORC may
be, but 15 not hmited to, more than 1000, but the subset may inchude, but &5 not limited to, one to eight
optical output channels selected from any of the optical output channels of the ORC. In some embodiments,
the ORC of the present disclosure may achieve a simpler interfacing circuttry for coupling the node control
system to the nodes of the ORC by sharing an electrical channel among a subset of the nodes for the control
of the nodes by the node control system. In some embodiments, the ORC of the present disclosure may
achieve a simpler interfacing circuitry by additionally sending electrical signals between the nodes in the
network.

In some respects, the ORC of the present disclosure may be used for light distribution and/or routing
in phatonic systems including but not imited to a LiDAR svstem and an optical communication system.
FiGs. 1A and 1B illsstrate example photonic systems in which the ORC of the present disclosure may be
used.

FIG. 1A illustrates a perspective view of an example photonic subsystem 101, FIG. 1A also shows
an optical system 131 that may or may not be part of the photonic subsystem 101, The photonic subsystem
101 may function as a transmitter (2.2., in a LiDAR system or an optical conununication system). The
portions of the photonic subsystem 101 may be implemented on the same platform (e.g., a monolithic
clectronic-photonic integrated circuit (EPIC) chip). The portions of the photonic subsystem 101 may be
mplemented on distinet platforms {e.g., a configuration in which the portions or components of the
photonic subsystem 101 arc implemented on one or more of electronic integrated circuit (EIC) chips,
photonic integrated circuit (PIC) chips, and EPIC chips, with the chips coupled to each other through
appropriate optical and/or electrical inferfaces).

Asg seen in FIG. 1A, the photonic subsystem 101 includes an ORC 111 coupled to an optical input
channel 151, The optical input channel 131 may be coupled to a light source 121, The light source 121 may
be implemented on the same platform as the ORC 111, In some instances, the light source 121 may be
mmplemented as an external Hght source that may be coupled o the optical input channel 131 through an
optical nterface. The optical interface mayv include a free-space-to-waveguide coupler and/or other
components (e.g., an optical fiber and a fiber-to-waveguide coupler). As illustrated in FIG. 1A, the ORC
111 mayv further be coupled to a plurality of optical output channels 161. An optical output channel 161
raay be coupled to one or more optical cut-couplers 171, which may out-couple optical signals frora the
photonic subsysiem 101 to free space. Examples of an optical ouvt-coupler 171 may include, but are not
fnuited to, a grating coupler, an edge coupler, an optical fiber, and any of other waveguide-to-free-space

couplers that are known to those skalled in the art.
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The light source 121 may produce an optical signal that is routed through the optical input channel
151 to the ORC 111, The ORC 111 routes the optical signal to one or more optical output channels 161.
The routing of the optical signal within the ORC 111 may be controlled by an ORC controller 141, which
may be electrically coupled to the ORC 111 through an clectrical channel 135, The optical output chanaels
161 may out-couple optical signals 191 to free space through one or more optical out-couplers 171. An out-
coupled optical signal 191 may or may not pass through the opiical svstem 131, When an oui-coupled
optical signal 191 passes through the optical system 131, the out-coupled optical signal 191 may be
transmitted to an angular position within the field of view of the optical system 131, Different oplical signals
191 may be transmitted to different angular positions within the field of view of the optical system 131.
The optical cut-couplers 171 may be positioned on a focal plane of the optical system 131 or on a plane
other than a focal plane of the optical svstem 131, In some embodiments, the optical out-couplers 171 are
positioned on more than one plane, and each of the planes may or may not be a focal plane of the optical
systern 131

As seen 1 FIG. 1A, the optical out-couplers 171 that are coupled to the optical output channels 161
are arranged as a two-dimensional configuration on a plane with respect to the optical system 131, The
optical out-couplers 171 may or may not be regularly spaced in the two-dimensional configuration. In some
embodiments, the optical cut-couplers 171 that are coupled to the optical cutput channels 161 wmay be
arranged as a one-dimensional configuration on a plane with respect to the optical sysiem 131 or a three-
dimensional configuration at a location with respect to the optical system 131. The optical cut-couplers 171
may or may not be regularly spaced in the one-dumensional configuration or the three-dimensional
configuration. An optical signal output from the light source 121 may be modulated in amplitude with
respect to time {e.g., as a pulsed optical signal with a certaia pulse width and a certain repetition rate or as
an amplitude-modulated data stream with a cerlain data rate). The optical signal output from the light source
121 may be modulated in frequency with respect to time (¢.g., as a linearly or nonhncarly frequency-chirped
continuous-wave optical signal with a certain chirp profile and a certain repetition rate). The optical signal
cutput from the light source 121 may be modulated in phase with respect to time. The optical signal from
the light source 121 may be modulated in any of amplitude, frequency, and phase with respect to time.

Dhie to the reversibility of Hght, the photonic subsystern 101 may function as a receiver {e.g., in a
LiDAR system or an optical communication system) by replacing the light source 121 with a photodetector.
Similar to the light source 121, the photodetector may be implemented on the same platform as the ORC
111 or be coupled to the optical mput channel 1531 through an optical interface. As a receiver, the optical
couplers 171 of the modified photonic subsystem 101 may function as optical in-couplers {o in-couple
optical signals in reversed directions from free space to the modified photonic subsystem 101, The in-

coupled optical signals received by the optical couplers 171 may be routed through the optical channels 161
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and the ORC 111 mnreversed directions to the optical channel 131, The optical signals may then be detected
by the photodetector. In some respects, the photonic subsvstem 101 may function as both a transmitter and
arecerver by replacing the light source 121 with an assembly 1ncluding a fight source, a photodetector, and
an optical circulator. The light scurce and the photodetector may be coupled {o the optical channel 151
through the optical circulator. Stmilar to the Light source 121, the assembly may be implemented on the
same platform as the ORC 111 or be coupled to the optical channel 131 through an optical interface.

FiG. 1B illustrates a perspective view of an example photonic subsystem 102, The photonic
subsystem 102 may function as a receiver (e.g., in a coherent LiDAR system or a coherent optical
commumnication system). Simifar to the photonic subsystem 101 in FIG. LA, components or portions of the
photonic subsystem 102 may be implemented on the same platform or on distinet platforms. Additionally,
the opiical system 132 may or may not be part of the photonic subsvstem 102,

Asg seen 1n FIG. 1B, the photonic subsystem 102 includes an ORC 112 coupled to an optical raput
channel 152, which may be coupled to a light source 122, When the photonic sabsystem 102 functions as
a receiver in a coherent LiIDAR system or a coherent optical communication system, the light source 122
may fanction as a local oscillator (LQO) hight source that mav supply an LO signal to the photonic subsystem
102. The light source 122 may be implemented on the same platform as the ORC 112, The light source 122
may be raplemented as an external light source that may be coupled to the optical input channel 152 through
an optical interface. In the photonic subsysters 102, the ORC 112 may further be coupled to a plurality of
optical output channels 162, An optical output channel 162 may be coupled to one or more coherent
detection pisels 182,

The LO signal may be routed through the optical input channel 132 and the ORC 112 to one or
more optical output channels 162. The routing of the LO signal within the ORC 112 may be controlied by
an ORLC controller 142, which may be electrically coupled to the ORC 112 through an electrical channel
156. LO signals recetved by one or more optical output channels 162 may be routed to one or more coherent
detection pixels 182. The coherent detection pixels 182 may mix the LO signals with optical signals 192
recetved from free space by one or more coherent detection pixels 182, The photonic subsystem 102 may
receive an optical signal 192 from free space through the optical system 132. The photonic subsystem 102
may receive an opiical signal 192 from free space without the optical system 132, When the photonic
subsystem 102 receives an incoming optical signal 192 from free space through the optical system 132, the
coherent detection pixels 182 may be positioned with respect to the optical systen 132 so that the incoming
optical signal 192 is received at an angular position within the field of view of the optical system 132,
Different optical signals 192 may correspond to different angular positions within the ficld of view of the
optical system 132, The coherent detection pixels 182 may be positioned on a focal plane of the optical

system 132 or on a plane other than a focal plane of the optical system 132, In some embodiments, the
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coherent detection pixels 182 may be positioned on more than one plane, and cach of the planes may or
may not be a focal plane of the optical system 132,

LO signals from the light source 122 may be coherent with the optical signals 192 that may be
received from free space by the photonic subsystem 102, When the photonic subsystem 102 functions as a
receiver in a coherent LiDAR system, the optical signals 192 may be reflected from an object, and the
reflected optical signals mav be originated from a transmiiter in a LiDAR system. In some respects, the
LiDAR transmitter may be the photonic subsystern 101 illustrated in FIG. 1A, The light source of the
LiDAR transmitter, such as the light source 121 in FIG. 1A, and the light source 122 may be related (c.g.,
they may be originated from the same light source).

Asseen in FIG. 1B, the coherent detection pixels 182 that are coupled to the optical output channels
162 are arranged as a two-dimensional configuration. In some embodiments, the coherent detection pixels
182 that are coupled to the optical cutput channels 162 may be arranged as a one-dimensional configuration
or a three-dimensional configuration. The coherent detection pixels 182 may or may not be regularly spaced
i the one-dumensional configuration, the two-dimensional configuration, or the three-dimensional
configuration.

Embodiments of the present disclosure may allow a photonic system that includes an optical switch
circuit to be scalable to have many optical output channels, while the interface betwesn the optical switch
circutt and an electrical control circuit for the control of the optical switch circuit may be made simple.

FIG. 2 illustrates an example ORC 299, The ORC 299 mncludes a photonie network circuit 200 and
a node control system 280. In the example of FIG. 2, the photonic network circuit 200 includes a 4-level
rooted binary tree, and the node control system 280 includes four node controls 281, 282, 283 and 284, with
cach node control 281, 282, 283, or 284 clectrically coupled to nodes in a level of the binary tree of the
photonic network circuit 200. An ORC controller 290 may determine an operational staie of the ORC 299,
which may govern how optical signals are routed through the ORC 299. The ORC controller 290 may be
exiernal to the ORC 299, or may be part of the ORC 299 (e.z., the ORC coniroller 290 and the node conirol
system 280 may be a combined system). The ORC controller 290 may be coupled to the node control system
280 through an electrical ORC control channel 291,

The photonic network circuit 200 includes nodes 261, 202, 203, 204, 205, 206, 207, 208, 209, 210,
211,212,213, 214, and 215, and optical signal channels 232, 233, 234,235, 236, 237, 238, 239, 240, 241,
242, 243, 244, and 245, Each of the nodes 201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213,

o~

214, and 213 includes an optical switch, and each of the optical signal channels 232, 233, 234, 235, 236,
237,238,239, 240, 241, 242, 243, 244, and 245 may be optically coupled to the nodes 201, 202, 203, 204,
205, 206, 207, 208, 209, 210, 211, 212, 213, 214, and 213 for the transmussion of an optical signal. An
optical switch of a node 201. 202, 203, 204, 205, 206, 207. 208, 209, 210, 211, 212, 213, 214, or 213 may
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be coupled to one or more optical in-coupling channels and one or more optical out~coupling channels. An
optical in-coupling channel may in-couple an optical signal into the optical switch of the node 201, 202,
203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, or 215. An optical out-coupling channel may
out-couple an optical signal out of the optical switch of the node 201, 202, 263, 204, 205, 206, 207, 208,
209, 250, 211, 212, 213, 214, or 215. The optical switch may route or switch an optical signal received by
the switch to one or more optical out-coupling channels of the switch. In FIG. 2, an eoptical switch in the
photonic network circuit 200 may be coupled to one optical in-coupling channel and two optical out-
coupling channels. Examples of an optical switch may include, but are not hmited to, an MZ switch, a ring
switch, a micro-clectromechanical system (MEMS) switch, and any other electro-optical, thermo-optical,
acousto-optical or mechanical-optical switch.

The optical signal channel 231 may be an optical input channel of the ORC 299 and may be used
to optically in-couple an optical signal 221 to the root node 201. The optical signal 221 may be routed
through the photonic network circuit 200 by controlling the optical switches at the nodes 201, 202, 203,
204, 205, 206, 207, 208, 2009, 210, 211, 212, 213, 214 and 215. These optical switches may be controlled
by the node contrels 281, 282, 283, and 284. In the example of FIG. 2, the optical signal 221 1s routed, as
optical signals 222, 223, and 224 through the nodes 201, 202, 203, and 210 along an optical path that
mclades the optical signal channels 232, 235, and 240. The optical signal 221 is out-coupled from the ORC
299 as an optical signal 225 through the optical signal channel 246, which may serve as an optical output
channel of the ORC 299,

Fach node 201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, or 215 may be
coupled to a node control 281, 282, 283, or 284 through a distinct electrical node control channel. The node
201 is electrically coupled to the node control 281 through an clectrical node countrol channel 271, The
nodes 202 and 203 are electrically coupled to the node control 282 through elecirical node control channels
272 and 273, respectively. The nodes 204, 203, 206, and 207 are electrically coupled to the node control
283 through clectrical node control channels 274, 273, 276, and 277, respectively. The nodes 208, 209, 219,
211,212, 213, 214, and 2135 are electricallv coupled to the node control 284 through individual electrical
node control channels. A node control 281, 282 283, or 284 may simuliancously and individually control
either all or a subset of the nodes 201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, and
215 that are coupled to the node control 281, 282, 283 or 284. 1t can be seen that the number of electrical
node control channels coupled to the node control system 280 scales with the number of nodes n the
photonic network circuit 200. Consequently, the mterface between the node control system 280 and the
photonic network circuit 200 may become complex when the size of the photonic network circuit 200 is
farge (o.g., when the mumber of nodes is 2%%-1 with n > 6. Worse still, an electrical node control channel

may mnclude more than one physical electrical connection path. If the node control system 280 15 to be
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mmplemented on an EIC chip that is distinet from a PIC chip that implements the photonic network circuit
260, the circuitry for the interface between the EIC chip and the PIC ¢hip may become very complex and
unwichdy.

The present disclosure describes an ORC that includes a photonie network circuit and a sode
control system and uses shared node control channels for levels, groups, or subsets of nodes in the photonic
network circnit for interfacing the photonic network circuit with the node control system. Sharing the node
control channels may reduce the complexity of the mterface between the node control system and the
photonic network circutt. The shared node control channels may allow resources in the node control system
{e.g., power supply circuits for driving optical switches) to be shared among the nodes in the photonic
network circuit for the control of the nodes. The photonic network circuit and the node control system may
be implemented on the same platform (e.g., a monelithic EPIC chip) or on distinct platforms {(e.g., a
configuration in which the photonic network circuit may be implemented on an EPIC chip, and the node
control system may be implemented on an EIC chip, with the EPIC and EIC chips coupled to cach other
through an electrical interface).

The photonie network circuit may include nodes arranged in any pattern or shape (e.g., conceptually
as a graph, such as a binary tree, an H-tree, efe.). The nodes may be connected by optical signal channels.
An optical sigual chanoel that in-couples an optical signal to a vode may be referred to as an optical -
coupling chanuel of the node, and an optical signal channel that cut-couples an optical signal from a node
may be referred to as an optical out-coupling channel of the node. An optical signal channel may be
mplemented as an optical waveguide, an optical fiber, a free-space optical path, ctc. A node of the photonic
network circuit of the ORC may be coupled to one or more optical signal channels for in-coupling optical
signals to the node and be coupled o one or more optical signal channels for oui-coupling optical signals
from the node.

The photonic network circuit includes at least one input node and at least one output node. An mput
node of the photonic network circuit is a node that may receive an optical signal input to the photonic
network circuit. An output node of the photonic network circuit is a node that may output an optical signal
from the photonic network circuit. An optical signal may be input to an input node of the photonic network
circuit through an optical input channel that is coupled to the input node, and the optical signal may be
output from the photonic network circuit through an optical output channel that is coupled to an oulput node
of the photonic network circuit. The optical signal that s input to the photonic network circuit may reach a
node of the photonic network circuit through one or more optical paths in which an optical path includes a
sequence of optical signal channels that join a sequence of nodes. Depending on the configuration of the
photonic network circait, an optical input channel and an optical output channel, and accordingly, an input

node and an output node, of the photonic network circiit may be connected by one or more optical paths.
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Adjacent nodes are connected by an optical signal channel. For two adjacent nodes on an optical path, the
node that sends an optical signal to the other node may be referred to as a parent node with respect to the
other node, and the node that receives an optical signal from the other node may be referred to as a chuld
node with respect to the other node. Oue of the nodes may always be a parent node of the other node, or
one of the nodes may be both a parent node and a child node of the other node.

In the photonic network circuit, two adjacent nodes of the photonic network circuit may be
connected by one or more clectrical signal channels through which an clectrical signal may be transmitted
between the two nodes. Examples of an elecirical signal that may be transmitted between two adjacent
nodes may include, but are not limited to, an electrical activation signal to be described below. An electrical
signal channel may include one or more physical electrical connection paths. Examples of a physical
electrical connection path may include, but are not himited to, an elecirical wire.

The nodes of the photonic network circuit may be grouped into subsets of nodes. Nodes in a subset
1 the photonic network circott may or may not have the same design as cach other. The node control system
of the ORC may mclude one or more node control units, which may be referred to as node controls. A node
control may include control electronics and power supply circuats that may be used to control one or more
nodes through an clectrical node control channel. A subset of nodes of the photonic network circuit mayv be
electrically coupled to one or more node controls through one or more electrical node control chanosels. A
node control may be clectrically coupled to one or more subsets of nodes through one or more clectrical
node control channels. An electrical node control channel that 1s shared among more than one node may be
referred to as a shared electrical node control channel. The node control system may control one or more
nodes i a subset through a shared clectrical node control channel. The node conirol system may include
one node control so that the node control is equivalent to the node conirel system. Explicit descriptions of
node controls for some embodiments in the present disclosure may be for the purpose of simphfying the
descriptions of the embodiments.

A node in the photonic network circuit may be set in either an aciivated state {e.g., the node is
activated) or a deactivated state (e.g.. the node is deactivated). When the node is activated, it may be
controlled by the node control system {or a node conirel of the node control system). When the node is
deactivated, it may not be controlled by the node control system (or the node control).

In some embodiments, a node in the photonic network circuit has a parent node, and the node and
the parent node mayv be electrically coupled by an electrical signal channel. The node may be activated
when if recetves an electrical activation signal in an ON state (e.g., an electrical ON signal) from any of iis
pareni nodes, whercas the node may be deactivated when it receives an electrical activation signal n an
OFF state (e.g.. an electrical OFF signal) from each of iis parent nodes. An example of a node which may

be activated by receiving an electrical activation signal from a parent node s llustrated 1n FIG. 11A In
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some cmbodinents, a node in the photonic network circuit may be activated or deactivated by not receiving
an electrical activation signal from a parent node. Examples of such a node may include, but are not limited
to, an nput node that has no parent node. In some instances, the node may be activated and remain activated
without receiving an elecirical activation signal. In other instances, the node may be activated or deactivated
when it receives an electrical activation signal from a node control to which the node may be coupled. In
further instances, the node mayv be activated or deactivated when it receives an electrical activation signal
from an electrical activation circuit that may be tmplemented within or outside the node. An example of a
node which may be activated and remain activated without receiving an elecirical activation signal ig
tustrated m FIG. 11D, and an example of a nede which may be activated by receiving an electrical
activation signal from a node control 1s illustrated m FIG. 16A. The examples of FI1Gs. 11A, 11D, and 16A
are described later in this disclosure. In some embodiments, a node may be set to be deactivated by default
without recetving an electrical OFF signal, until it may be activated by receiving an electrical ON signal.
In some embodiments, a node may be set to be activated by default without recerving an electrical ON
signal, until it may be deactivated by receiving an electrical OFF signal.

When a node is in an activated state, a control of the node by a node control may be enabled by
establishing an electrical connection between the node and the node control through an clectrical node
control channel. The control of an activated node by a node control may include controlling, by the node
control, the operation of the optical switch of the node, which in trn may control the routing of an optical
signal received by the activated node. When a node is activated, the node may perform additional tasks
such as, but arc not limited to, transmitting a first electrical feedback signal from the activated node to the
node control. The node control may control the activated node based on the first electrical feedback signal
received from the activated node. The nede control svstem may control another activated node based on
the first electrical feedback signal. If an activated node has a child node, the activated node may additionally
send an electrical activation signal to the child node through an electrical signal channel that may be coupled
to the node and the child node. The state of the electrical activation signal may be controlled or determined
by the node control when the node 1s activated. The state of the electrical activation signal may be
determined, either entirely or partially, by an clectrical control signal sent by the node control and received
by the activated node. The electrical control signal may be transmitted from the node conirol to the activated
node through the electrical nede conirol channel. An electrical activation signal that may be sent to a child
node of an activated node may be an clectrical ON signal if the child node may receive an optical signal
from the activated node, whereas an elecirical activation signal that may be sent to the child node may be
an electrical OFF signal if the child node may receive no optical signal from the activated node. Here no
optical signal refers to an optical signal with zero power, or, in some embodiments, a negligible power that

s much smaller than, sach as but 15 not limited to less than 2% percent of, the power of an optical signal
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that mav be received by the activated node. In other embodiments, no optical signal may refer to an optical
signal with an optical power less than a certain threshold level.

When a node is in a deactivated state, the node may be configured in such a way that a control of
the node by a node control, which might control the node if the node would be activated, may be disabled.
The control of a node by a node control may be disabled by cutting off an clectrical connection between
the node and the node control through an electrical node conirol channel, in which the node may be coupled
to the node control through the electrical node control channel. When a node is deactivated, the node may
perform additional tasks such as, but are not hsuted to, transmitting a second electrical feedback signal
from the deactivated node to the node control. The second electrical feedback signal may be used for the
control of other activated nodes. If a deactivated node has a child node, the deactivated node may
additionally send an electrical activation signal to the child node through an elecirical signal channel that
may be coupled to the node and the child node. A deactivated node may be configured to send an electrical
OFF signal to each child node of the deactivated node through an electrical signal channel.

A subset of nodes m the photonic network circuit may share an electrical node control channel for
coupling to a node control. A group of nodes selected from the subset may be activated simultaneously.
The group of activated nodes sclected from the subset may be determined according to the operational state
of the ORC. An operational state raay indicate or control how an optical signal is routed through the ORC.
The node control may simultancously control all nodes in the group, which may be coupled to the node
control through the shared cloctrical node control channel. The node control may additionally control each
of the activated nodes m the group individually through the shared electrical node control channel. The
node control may condrel, simultancously and individnally, cach of the activated nodes in the group when
the group size is smaller than or equal to a certain maximum number, which may be referred to as a
maximwn simultancously-and-individually-activated (MSIA) group size. Because the nodes in the group
are selected from the subset, the MSTA group size may be attributed to the subset. The MISA group size of
a subset mayv be determuined by a configuration of a shared electrical node control channel for coupling the
nodes ia the subset to a node control. More specifically, the shared electrical node control channel may
allow or limit a maximom sumber of activated nodes that may be simuliancously and individually
controlled by the node control. Thus, the MSIA group size may also be atiributed (o the shared electrical
node control channel. A node may conform with the shared electrical node control channel to enable a
maximum number of activated nodes to be simultancously and individually controlied by a node control.
Examples of the MSIA group size of a subset may inchude, but are not limited to, a number from one to
cight. In some instances, the MSIA group size of a subset may depend on the number of nodes in the subset.
For example, the MBIA group size of a subset may be set {o be proportional to the number of nodes in the

subsct. In other instances, the MSIA group size of a subset may be independent of the number of nodes m
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the subsct. For example, the MSIA group size of a subset may be set to a certain fixed number. The MSIA
group size of a subset may be related to a maximur nwnber of optical output channels of the ORC to which
optical signals raay be output simultancously. F1Gs. 11A-E, 12, 13A, and 16A illustrate exaraples of a node
that may enable a group of activated nodes to be controlled simultancously and ndividually by a node
control up to an MSIA group size through a shared ¢lectrical node control channel. FIGs. 11A-E, 12, 13A
and 16A are described later in this disclosure.

FIG. 3 iflustrates an example ORC 399 that includes a photonic network circuit 300 and a sode
control system 380, In the example of FIG. 3, the photonic network circatt 300 15 1n a form of a 4-level
rooted binary tree. In the photonic network circuit 300, nodes in a tree level form a subset of nodes that
may share an electrical node control channel for coupling to the node control system 380 (e.g., to node
controls 381, 382, 383, and 384 of the node control system 380). It should be understood that, even though
the node controls 381, 382, 383, and 384 are depicted as separate entities in the node control system 380,
they may or may not be coupled to each other by clectrical connections, either directly or through an
electrical circuit in the node control system 380, In some instances, the node control system 380 mayv not
have explicitly-distinct node controls as shown in FIG. 3.

An ORC controller 390 may determine the operational state of the ORC 399. The ORC controlier
390 may be external to the ORC 399, or may be part of the ORC 399 {e.g., the ORC controller 390 and the
node control system 380 may be a combined system). The ORC controller 390 may be, but is not limited
to, one or more of a compuicr, an electronic circuif, a ficld-programmable gate array (FPGA), or an
application-specific integrated circuit (ASIC)Y. The ORC controlier 390 may be coupled to the node control
svstem 380 through an clectrical ORC control channel 391. The clectrical ORC control channel 391 may
include one or more physical elecirical connection paths. The electrical ORC control channel 391 may
melude a wireless connection. The wireless connection may be, but is sot limited to, a wireless RF
connection or a wireless optical connection.

The ORC 399 may correspond to the ORC 111 in FIG. 1A or the ORC 112 in FIG. 1B, and the
ORC controller 390 may correspond to the ORC controller 141 10 FIG. 1A or the ORC controller 142 in
FIG. 1B. In some embodiments, the ORC 111 in FIG. 1A or the ORC 112 in FIG. 1B may inclode the
photonic network circeit 360 but not the node control system 380, whereas the ORC countroller 141 in FIG.
1A or the ORC controller 142 1 FIG. 1B may mnclude the ORC controller 390 and the node control system
380.

The photonic network circuit 300 inchudes nodes 301, 302, 303, 304, 305,306, 307, 308, 309,310,
311,312,313, 314, and 313, optical signal channels 332, 333, 334, 335, 336,337, 338, 339, 340, 341, 342,
343, 344, and 345 that may be oplically coupled to the nodes 301, 302, 303, 304, 305, 306, 307, 308, 309,

310, 311, 312, 313, 314, and 313 n the photomic network circuit 300, and electrical signal channels 352,
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353,354,355,356,357,358, 359, 360, 361, 362, 363, 364, and 363 that may be clectrically coupled to the
nodes 301, 302,303,304, 305,306,307, 308,309,310,311,312,313, 314, and 315 in the photonic network
circuit 300. In FIG. 3, the node 301 serves as an input node and a root nede to the photonic network circuit
300, The node 301 is coupled to an optical signal channel 331, which serves as an optical input channel of
the photonic network circuit 300. The nodes 308, 309, 310, 311, 312, 313, 314, and 313 serve as output
nodes and end nodes to the photonic network circuit 306, The nodes 308, 309, 310, 311,312, 313, 314, and
315 are coupled to optical cut-coupling channels, which serve as optical output channels of the photonic
network circuit 300, In the example of FIG. 3, the node 310 18 coupled to an optical output channcl 346
Each node 301, 302, 303, 304, 303, 306, 307, 308, 309, 310, 311, 312, 313, 314, or 313 in the photonic
network circuit 300 may mclude an optical switch. The nodes 301, 302, 303, 304, 303, 306, 307, 308,309,
310,311, 312, 313, 314, and 315 may also include other photonic and electronic components.

The ORC 399 provides certain features, including (1) the sharing of an electrical node control
channel among a group or subset of nodes 1n the photonic network circuit 300 and (2) the sending of
electrical signals from parent nodes to their child nodes. To realize either or both of these features, the nodes
301, 302, 303, 304, 305, 306, 307, 308, 309, 310, 311, 312, 313, 314, and 313 of the photonic network
circuit 300 may be implemented with photonic and clectronic components. The photonic and clectronic
components may be unplemented on the same platform {(e.g., a monclithic EPIC chip) or on distinct
platforms (e.g., a configuration in which the photonic components may be implemented on a PIC chip and
the electronic components may be implemented on an EIC chip, with the PIC chip and EIC chip coupled
to each other by means of 2.5D or 3D clectronic-photonic mtegration).

In the photonic network circuit 300, an optical signal 321 may be in-coupled to the node 301
through the optical mput channel 331, The photonic network circuti 300 may route the optical signal 321
through various levels, groups. or subsets of the nodes 301, 302, 303, 304, 303, 306, 307, 308, 309, 316,
311, 312, 313, 314, and 315, For example, the photonic network circuit 300 may first route the optical
signal 321 from the node 301 through a first fevel that includes the nodes 302 and 303, The photonic
network circuit 300 may then route the oplical signal 321 through a second level that includes the nodes
304, 305, 306 and 307. The photonic network circuit 360 may then route the optical signal 321 through a
third level that ncludes the nodes 308, 309, 310, 311, 312, 313, 314 and 313. In the photonic network
circuit 300, two of the nodes 301, 302, 303, 304, 305, 306, 307, 308, 309,310, 311,312, 313,314, and 315
that are connected by an optical signal channel 332, 333, 334, 335,336, 337, 338, 339, 340, 341, 342, 343,
344, or 345 are considered to be in different groups, subsets, or lovels.

In the ORC 399, a node 302, 303, 304, 303, 306, 307, 308, 309, 310, 311, 312, 313, 314, or 315
may be activated or deactivated based on agn elecirical activation signal sent from a parent node through a

respective electrical signal channel 332, 353, 354, 335,356, 357, 358,359,360, 361, 362, 363, 364, or 365.
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A node 302, 303, 304, 303, 306, 307, 308,309,310, 311, 312, 313, 314, or 315 may be activated when the
node 302, 303, 304, 303, 306, 307, 308, 309, 310, 311, 312, 313, 314, or 313 receives an electrical ON
signal from its parent node. A node 302, 303, 304, 305, 306,307,308, 309,310,311,312,313,314, or 313
may be deactivated when the node 302, 303, 304, 303, 306, 307, 308, 309, 310, 311, 312. 313,314, or 315
receives an electrical OFF signal from its parent node. In the example of FIG. 3, the node 301 is electrically
coupled to the nodes 302 and 303 by the electrical signal channels 352 and 333, respeciively, for sending
and receiving an electrical activation signal. The node 302 is electrically coupled to the nodes 304 and 305
by the electrical signal channels 354 and 355, respectively, for sending and receiving an electrical activation
signal. The node 303 is electrically coupled to the nodes 306 and 307 by the electrical signal channels 356
and 357, respectively, for sending and receiving an electrical activation signal. The node 304 15 electrically
coupled to the nodes 308 and 309 by the clectrical signal channels 358 and 339, respectively, for sending
and recetving an electrical activation signal. The node 303 is electrically coupled to the nodes 310 and 311
by the electrical signal channels 360 and 361, respectively, for sending and recetving an electrical activation
signal. The node 306 1s electrically coupled to the nodes 312 and 313 by the electrical signal channels 362
and 363, respectively, for sending and receiving an electrical activation signal. The node 307 15 electrically
coupled to the nodes 314 and 315 by the clectrical signal channels 364 and 363, respectively, for sending
and receiving an clectrical activation signal. The nodes 308, 309,310,311, 312,313, 314 and 313 serve as
output nodes that have ne child nodes. These nodes 308, 309, 310, 311,312, 313, 314 and 313 do not send
an electrical activation sigunal to any child node. Also, the node 301 serves as an input node that does not
have a parent node. In some embodiments, the node 301 may be activated and remain activated to be
controlled by the node control 381 through an clectrical node control channel 371, In other embodiments,
the node 301 may be activated or deactivated by recetving an elecirical activation signal from the sode
control 381 through the electrical node control channel 371, or from an clectrical activation circuit that may
be mmplemented within or outside the node 301,

When a nede 301, 302, 303, 304, 303, 306, 307,308,309, 310, 311,312,313, 314 or 315 s in an
activated state, the node 301, 302, 303, 304, 305, 306, 307, 308, 309, 310, 311. 312. 313, 314 or 315 may
be controlled by a respective node control 381, 382, 383, or 384 through a respective electrical node control
channel 371, 372, 373, or 374. When the node 301, 302, 303, 304, 303, 306, 307, 308, 309, 310, 311, 312,
313,314 or 315 1s i a deactivated state, the node 301, 302, 303, 304, 303, 306, 307, 308, 309, 310, 311,
312, 313, 314 or 315 may not be controlled by the respective node control 381, 382, 383, or 384, In the
example of FIG. 3, the node 301 is electrically coupled to the node control 381 through the electrical node
control channel 371, The nodes 302 and 303 are clectrically coupled to the node control 382 through the
shared electrical node control channel 372, The nodes 304, 305, 306, and 307 are elecirically coupled to

the node control 383 through the shared elecirical node contrel channel 373. The nodes 308, 309, 310,311,

is



o

10

30

WO 2025/096014 PCT/US2024/030031

312,313, 314, and 315 are clectrically coupled to the node control 384 through the shared elecirical node
control channel 374. It should be understood that the nodes in a group, subset, or level are illustrated to
couple to a shared clectrical node control channel in series for the sake of simplicity of Ulustration.
Generally, nedes m a group, subset, or level may be coupled to a shared electrical node control channel n
series, in parallel, or a combimation of series and parallel. The node controls 381, 382, 383, and 384 may
mstruct activated ones of the nodes 301, 302, 303, 304, 303, 306, 307, 308, 309, 310, 311, 312, 313, 314,
and 315 in a respective group, subset, or level how to route an optical signal. In the example of FIG. 3, the
node controls 381, 382, 383, and 384 may mstruct the optical switches in the activated nodes 301, 302, 303,
and 310 to route optical signals 322, 323,324 and 325 along the optical signal channels 332, 333, 340, and
346. The nodes 301, 302, 303, 304, 305, 306, 307, 308, 309, 310,311,312, 313, 314, and 315 in the same
group, subset, or level may receive the same electrical node control signal from the respective node control
381, 382, 383, or 384, In some instances, a first node (c.g., the node 305) may modify an clectrical node
control signal received from a node control {e.g., the node control 383) and pass the modified clectrical
node control signal to a second node (e.g., the node 306), in which the first and second nodes are in the
same group, subset, or level, and the first and second nodes are coupled to the node control 1 a serial
configuration through a shared clectrical node control channel {e.g., the shared clectrical node control
channel 373).

The number of electrical node conirel channels 371, 372, 373, and 374 in the ORC 399 mayv be
proportional to the number of groups, subsets, or levels in the photonic network circuit 300, instead of the
number of nodes 301, 302, 303, 304, 303, 306, 307, 308,309, 310, 311, 312,313,314, and 313. The ORC
399 may thus include fewer electrical node conirol channels 371, 372, 373, and 374 than conventional
ORCs. Consequently, the elecirical interface between the photonic network circuit 300 and the node control
svstern 380 may be significantly sirnplified.

An operational state of the ORC 399 may be determined by optical paths chosen to route an optical
signal within the photonic network circuit 300 and the fractions of opiical outputs designated for each node
on the optical paths. Ta the photonic network cirenit 300, the optical input channel 331 1is the default input
channel. Thas, there may be no need to select an optical mput channel in determining the operational state.

In an exarmple operation of the ORC 399, the optical signal 321 from a Hght source may be input
to the ORC 399 through the optical input channel 331, and the optical output channel 346 may be selected
to output the optical signal 323 from the ORC 399, An optical path that includes the optical signal channels
332, 333, and 340 that join the nodes 301, 302, 305, and 310 may be chosen to connect the optical input
channel 331 and the optical output channel 346. The nodes 301, 302, 305, and 310 on the optical path may
be activated {o be controlled by the node control system 380, Other nodes 303, 304, 306, 307, 308, 309,

311,312,313, 314, and 315 that are not on the optical path may be deactivated. To contrel the nodes 301,
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302, 303, and 310, the fractions of optical signals to be split from a received optical signal and be out-
coupled to each of the optical out-coupling channels of the nodes may need to be determined. To maximize
the optical power of the optical signal 325 to be output from the ORC 399, the node 301 may out-couple
the received optical signal 321 maximally to the optical signal channel 332 ag the optical signal 322, The
node 302 may out-couple the received optical signal 322 maximally to the optical signal channel 335 as the
optical signat 323. The node 303 may out-couple the received optical signal 323 maximally to the optical
signal channel 340 as the optical signal 324, The node 310 may ouvt-couple the received optical signal 324
maxtmally to the optical output channel 346 ag the optical signal 325, Based on the selecied optical signal
channels 332, 335, 340, and 346, an operational state of the ORC 399 may be determined by incorporating
the chosen optical path that includes the nodes 301, 302, 303, and 310, and the designated fractions of
optical outputs for the nodes 301, 302, 305, and 310 on the optical path.

The photonic network circuit 300 may be configured by the node conirol system 380 according to
the determined operational state of the ORC 399 to route an optical sigual through the photonic network
circuit 300, The optical signal 321 may be input to the node 301, When the node 301 is activated, the node
301 may be controlied by the node control 381 through the electrical node control channel 371. The node
control 381 mayv control the node 301 to route the optical signal 322 through the optical signal channel 332
and to send an electrical ON signal through the electrical signal channel 352 to the node 302. As a result,
the node 302 may be activaled and thus be conirolled by the node control 382 through the shared electrical
node control channel 372. The node control 381 may also conirol the node 301 to route no optical signal
through the optical signal channel 333 and to sond an clectrical OFF signal through the electrical signal
channel 353 to the node 303, As a result, the node 303 may be deactivated and thus may not be controlled
by the node control 382 through the shared electrical node control channel 372, Consequenily, even though
both the nodes 302 and 303 are coupled to the node control 382 through the shared electrical node countrol
channel 372, the node control 382 may control the node 302 through the shared clectrical node control
channel 372 but not the node 303,

Simdarty, the node control 382 may conirol the node 302 to route the optical signal 323 through
the optical signal channel 335 and to send an clectrical ON signal through the electrical signal channel 353
to the node 303, As a result, the node 305 may be activated and thus be controlled by the node control 383
through the shared clectrical node control channel 373, The node control 382 may also control the node
302 to route no optical signal through the optical signal chamnel 334 and to send an electrical OFF signal
through the elecirical signal channel 334 to the node 304. As a result, the node 304 may be deactivated and
may ot be controlied by the node control 383 through the shared electrical node conirol channel 373, With
the node 303 being deactivated and not conirolied by the node control 382, the node 303 may send electrical

OFF signals to the nodes 306 and 307 through the electrical signal channels 356 and 357, so that the nodes
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306 and 307 may be deactivated and may not be controlled by the node control 383 through the shared
electrical node control channel 373, Consequently, even though the nodes 304, 303, 306, and 307 are
coupled to the node control 383 through the shared electrical node control channel 373, the node control
383 may control the node 3035 through the shared electrical node control channel 373 but not the nodes 304,
306, and 307,

The node conirel 383 mayv conirol the node 303 to route the optical signal 324 through the optical
signal chanael 3490 and to send an electrical ON signal through the electrical signal channel 360 to the node
310. As a result, the node 310 may be activated and be controlied by the node contrel 384 through the
shared electrical node control channel 374, The node control 383 may also control the node 303 to route no
optical signal through the optical signal channel 341 and to send an electrical OFF signal through the
electrical signal channel 361 to the node 311, As aresult, the node 311 may be deactivated and may not be
controlled by the node control 384, With the nodes 304, 306, and 307 being deactivated and not conirolled
by the node control 383, the nodes 304, 306 and 307 may send electrical OFF signals to the nodes 308, 309,
312,313,314, and 3135 through the clectrical signal channels 358, 359, 362, 363, 364, and 363, so that the
nodes 308, 309, 312, 313, 314, and 313 may be deactivated and may not be controlled by the node control
384 through the shared clectrical node control channel 374, Consequently, oven though the nodes 308, 309,
310,311, 312, 313, 314, and 315 are coupled to the node control 384 through the shared clectrical node
control chaanel 374, the node coutrol 384 may conirol the node 310 through the shared electrical node
control chanuel 374 but not the nodes 308, 309, 311, 312, 313, 314, and 315. The node control 384 may
control the node 310 to route the optical signal 325 to the optical signal channel 346, which may serve as
an optical output channel of the ORC 399,

Generally, the activation of nodes and the couatrol of activated nodes by node controls may take
place separately at different time scales. For example, the activations of the nodes of the photonic network
circuit 300 may be completed before the designated fractions of optical cutputs for the activated nodes may
be attained to resulf in the optical signal 323 being ocuiput from the optical output channel 346.

The role of a node being an input node or an output node may be fixed according to the
configuration and operation of the ORC. In some instances, the role of a node being an input node or an
output node may noi be fixed according to the configuration and operation of the ORC. For example, a
node may be an mput node at one moment and may become an output node at another moment, depending
on the operation of the ORC. As another example, the node may become neither an input node nor an output
node at some other moments, depending on the operation of the ORC. In some instances, a node may
simultanecusly assume the roles of an wpul node and an output node, accerding to the configuration and
operation of the ORC. Additionally, the roles of being a parent node or a child node for two adjacent nodes

may be fixed according to the configuration and operation of the ORC. In some mstances, the roles of being
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a parent node or a child node for two adjacent nodes may not be fixed according to the configuration and
operation of the ORC. For example, a node may be a parent node with respect to the other node at one
raoraent, and may become a child node with respect to the other node at another moment, depending on the
operation of the ORC. As another example, each of the two adjacent nodes may simultaneously assome the
roles of a parent node and a child node, according to the configuration and operation of the ORC.

As an cxample, due o the reversibility of light, the photonic network circuit 300 mayv route an
optical signal in a reverse direction from one or more of the nodes 308, 309, 310, 311, 312, 313, 314, and
3135 to one or more of the nodes 304, 303, 306, and 307, then to one or more of the nodes 302 and 303, and
finally to the node 301, In this case, the optical cutput channcls of the nodes 308, 309, 310, 311,312, 313,
314, and 315 may serve as optical input channels, and the optical signal channel 331 may serve as an optical
output channel with the node 301 as an output node. The nodes in the photonic network circuit 300 that
were child nodes in previous examples may now serve as parent nodes.

As another example, the ORC 399 may be set to an operational state so that the optical signal 321
may be routed from the optical input channel 331 through the photonic network circuit 300 and be out-
coupled from the ORC 399 through one or more optical output channels (e.g., the optical output channel
346). Due to the reversibility of light, the ORC 399 may also, simultancously or at different times, with or
without changes to the states of the sodes, route an optical sigual in a reverse direction from one or more
optical output channels (e g, the optical ouiput channel 346), through the photonic network circuit 360, and
be out-coupled from the ORC 399 through the optical input channel 331, In this case, a node in the photonic
network circuit 300 mav assume the roles of an input node and an output node, and a node in the photonic
network circuit 300 may assume the roles of a parent nede and a child node, simultancously or at different
times. Accordingly, the ORC 399 may exhibit as an optical switch circott for a photonic subsystem that
may function as both a transmitter and a receiver in a photonic system.

FIG. 4 illustrates an example ORC 499 that includes a photonic network circuit 400 as an H-tree
and a node conirol sysiem 480 with four node conirols 481, 482, 483, and 484. The node 401 may be
controlled by the node control 481 through an elecinical node control channel 471, Nodes 402 and 403 may
be controlled by the node control 482 through a shared electrical node control channel 472. Nodes 404, 405,
406, and 407 may be controlled by the node control 483 through a shared elecirical node control channel
473 Nodes 408, 409,410,411, 412,413, 414, and 415 may be controlled by the node control 484 through
a shared clecirical node control channel 474, An ORC controller 490 may deternune the operational state
of the ORC 499,

In the example of FIG. 4, the node 401 may be activated and remain activaied without receiving an
electrical activation signal, or may be activaied by receiving an electrical activation signal from the node

control 481 through the electrical node control channel 471 or from an electrical activation circuit
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implemented within or outside the node 401, The node 401 may send an clecirical ON signal to the node
402 and an electrical OFF signal to the node 403. The node 402 may send an elecirical ON signal to the
node 405 and an electrical OFF signal {o the node 404. The node 405 mav send an electrical ON signal to
the node 410 and an electrical OFF signal (o the node 411, The node 403 may send electrical OFF signals
to the nodes 406 and 407. The node 406 may send electrical OFF signals to the nodes 412 and 413. The
node 407 may send elecirical OFF signals to the nodes 414 and 413, The node 404 may send electrical OFF
signals to the nodes 408 and 409. As a result, the nodes 401, 402, 405, and 410 may be activated and
controlled by their respective node controls 481, 482, 483, or 484, and the nodes 403, 404, 406, 407, 408,
409, 411,412,413, 414, and 413 may be deactivated and not controlled by their respective node controls
482, 483, or 484. Thus, a recetved optical signal 421 may be routed through the nodes 401, 402, 405, and
410 as optical signals 422, 423, and 424, and be out-coupled from the ORC 499 ag an optical signal 425.

FIG. 5 illustrates an example ORC 599 that includes a photonic network circuit 500 and a node
control system 580, The photonic network cirenit 500 includes nodes 501, 502, 303, 304, 503, 506, 507,
508, 509, 510, 311, 512, 513, 514, and 513, which are arranged as a 4-level rooted binary tree. An ORC
controller 590 may determine the operational state of the ORC 399,

Each subset of the nodes 501, 302, 503, 504, 503, 306, 507, 508, 509, 5190, 511, 512, 513, 314, and
515 may share an elecirical node control channel As seen in FIG. 3, the nodes 501, 302 and 303 may be
controlled by a node control 581 through a shared electrical node control channel 371, The nodes 504, 503,
and 306 may be controlied by a node control 582 through a shared electrical node control channel 372, The
nodes 507, 314, and 515 may be controlled by a node control 583 through a shared electrical node control
channel 373. The nodes 308, 509, and 510 may be controlled by a node control 584 through a shared
clectrical node control chaanel 374, The nodes 511, 512, and 513 may be controlled by a node control 585
through a shared clectrical node conirol channel 373, Thus, cach node control 581, 582, 583, 584, or 585
controls a subset of the nodes 501, 302, 503, 504, 503, 506, 507, 508, 509, 510, 511, 512, 513, 5314, and
513 from the same or different levels of the tree. As in previous examples, parent nodes may conununicate
electrical activation signals to child nodes to activate or deactivaie the child nodes. For example, the node
501 may communicate electrical activation signals to the nodes 502 and 503, The node 502 may
communicate clectrical activation signals {o the nodes 504 and 503, The node 503 may communicate
clectrical activation signals to the node 306 and 5307, The node 504 may communicate electrical activation
signals to the nodes 308 and 309, The node 305 may communicate electrical activation signals to the nodes
510 and 511. The node 506 may comraunicate electrical activation signals to the nodes 312 and 513, The
node 507 may communicate electrical activation signals to the nodes 514 and 515, Activated nodes may be
controlled by thewr respective node controls o route an optical signal. Deactivaled nodes mayv not be

controlled by their respective node conirols to route an optical signal.
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FIG. 6 illustrates an example ORC 699 that includes a photonic network circnit 600 and a node
control svstem 680 with four node controls 681, 682, 683 and 684. The photonic network circuit 600
includes nodes 601, 602, 603, 604, 6035, 606, 607, 608, 609, 610, 611, 612, 613, 614, and 615 that are
arranged or connecled as a 4-level binary free. The example of FIG. 6 shows that an ORC may split and
route an optical signal to multiple outputs. In FIG. 6, an ORC controller 690 may determine the operational
state of the ORC 699,

In FIG. 6, the nodes 601, 602, and 603, each of which may form a subset, may be coupled tc the
node controls 681 and 682 through distinct electrical node conirol channels 671, 672, and 673 without
sharing the electrical node control chamnels 671, 672, and 673, The nodes 601, 602, and 603 may be
activated and remain activated without receiving electrical activation signals. In some instances, one or
more of the nodes 601, 602, and 603 may be activated by receiving clectrical activation signals from the
node control system 680, or from an clecirical activation circuit implemented within or outside one or more
of the nodes 601, 602, or 603. When the node 601 1s activated, the node 601 may be controlled by the node
control 681 through the electrical node control channel 671, When the nodes 602 and 603 are activated, the
nodes 662 and 603 may be simultaneously and individually controlled by the node control 682.

The nodes 604, 605, 606, and 607 in the second level of the photonic network circuit 600 as a subsct
may be controdled by the node control 683 theough a shared electrical node control channel 674 and may
recetve electrical activation signals from their respective parent nodes through electrical signal channels
654, 655, 656, and 657, The shared electrical node control channel 674 may allow the node control 683 to
simultaneously and individually control a certain number of activated nodes selected from any of the nodes
604, 605, 606, and 607 up to an MSITA group size of the nodes in the second level. Similarly, the nodes 608,
609,610,611, 612, 613, 614, and 615 in the third level of the photonic network circuit 600 as another subset
may be controlled by the node control 684 through a shared electnical node control channel 675 and may
receive electrical activation signals from their respective parent nodes through eloctrical signal channels
638, 659, 660, 661, 662, 663, 664, and 665. The shared electrical node control channel 675 may allow the
node control 684 to simultancously and individually control a certain number of activated nodes selected
from any of the nodes 608, 609, 610, 611, 612, 613, 614, and 615 up to an MSIA group size of the nodes
1 the third level. The MSIA group sizes allowed by the shared electrical node control channels 674 and
675 may or may not be the same. As an illustration m choosing the MSIA group sizes, consider an example
in which the ORC 699 may route an optical signal simultancously to up to any three of the optical ouiput
channels of the ORC 699. In this circumstance, the MSIA group sizes allowed by the shared electrical node
control channels 674 and 675 may each be set as three nodes. Then a group of up to three activated nodes

may be simultancously and individually controlled by the node control 683 through the shared clectrical
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node control chamnel 674, and a group of up to three activated nodes may be simultancously and
individually conirclled by the node control 684 through the shared electrical node control channel 675,

An operational state of the ORC 699 may be determined by optical paths chosen to route an optical
signal withun the photonic network circunt 600 and the fractions of optical outputs designated for each node
on the optical paths in accordance with the MSIA group sizes of the subsets of the photonic network circuit
G600, In the ORC 699, an optical input channel 691 is the default inpui channel. Thus, there may be vo need
to select an optical input channel 1n determining the operational state.

In an exarniple operation of the ORC 699, optical output channels 692, 693, and 694 may be selected
to output optical signals 631, 632, and 633 from the ORC 699. As scen in FIG. 6, three optical paths may
be chosen to connect the optical input channel 691 with the optical output channels 692, 693, and 694. The
nodes 601, 602, 603, 604, 605, 606, 609, 611, and 613, which are on the optical paths, may be activated
and controlled by the node control svstem 680, The nodes 607, 608, 610, 612, 614, and 6135, which are not
on the optical paths, may be deactivated. Each of the nodes 601, 602, 603, 604, 603, 606, 609, 611, and 613
may be set to direct fractions of optical signals. As an example, the ORC 699 may be configured to
maximize the output optical signals 631, 632, and 633 with even optical power. Thus, the node 601 may
split an in-coupled optical signal 621 into optical signals 622 and 623, in which the optical powers of the
optical siguals 622 and 623 may be proportional to two thirds and one third, respectively, the aptical power
of the optical signal 621. The optical signal 622 may be out-coupled to the node 662 through an optical
signal channel 695 and the optical signal 623 may be out-coupled to the node 603 through an optical signal
channel 696. The node 602 may split the received optical signal 622 evenly as optical signals 624 and 625
and out-couple the optical signals 624 and 623 to the nodes 604 and 603, respoctively. Fach of the nodes
603, 604, 605, 606, 609, 611, and 613 may oui-couple a recetved optical signal maximally t¢ one of iis
optical cui-coupling channels. As a result, an operational state of the ORC 699 mav be determined by
corporating the chosen optical paths that include the nodes 601, 602, 603, 604, 603, 606, 609, 611, and
613, and the designated fractions of optical outputs for the nodes 601, 602, 603, 604, 603, 606, 609, 611,
and 613 on the optical paths.

The determined operational state of the ORC 699 may be checked {e.g., by the ORC controller 690)
against the MSIA group sizes of the nodes in the second and third levels of the pholonic network circuit
600 allowed by the shared electrical node control channels 674 and 675 in the example of FIG. 6. If the
number of nodes selected to be activated in a subset is larger than the MSIA group size of the subset, the
optical paths for the determined operational state may need to be chosen differeutly or the ORC 699 may
need to be operated differently by sclecting different optical input channels and/or optical output channels.

The ORC coniroller 690 and/or the node countrol sysiem 680 may also Hmil the number of elecinical ON
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signals that may be received by the nodes in a subset to be no greater than the MSIA group size of the
subset.

For the example operation of the ORC 699, the determined operational state includes the nodes 604,
605, and 606 {o be activated. This may be checked against the example MSIA group size of three sodes
allowed by the shared electrical node control channel 674, The subset that includes the nodes 604, 603, 606,
and 607 (e.g., the second level of the photonic network circuif 600) may receive up to three electrical ON
signals from the parent nodes of the nodes 604, 6035, 606, and 607 (e.g., three electrical ON signals from
the parent nodes 602 and 603 of the nodes 604, 605, and 606). Similarly, the deternmuned operational state
includes the nodes 609, 611, and 613 to be activated. This may be checked against the example MSIA group
size of three nodes allowed by the shared electrical node control channel 675. The subset that includes the
nodes 608, 609, 610, 611, 612, 613, 614, and 613 (e.g., the third level of the photonic network circuit 600}
may receive up to three electrical ON signals from the parent nodes of the nodes 608, 609, 610, 611, 612,
613, 614, and 613 (e.g.. three clecirical ON signals from the parent nodes 604, 605, and 606 of the nodes
609, 611, and 613).

The photonic network circuit 600 of the ORC 699 may be controlled by the node control system
680 according to the operational state determined by the ORC controller 690, According to the cxample
operation of the ORC 699, the nodes 601, 602, and 603 are activated. Thus, the node conirel 681 may
control, through the electrical node countrol channel 671, the node 601 to split the received optical signal
621 mito the optical signals 622 and 623 according to the designated fractions of optical outputs for the node
601 and to route the optical signals 622 and 623 respectively to the nodes 602 and 603, The node control
682 may condrol, through the elecirical node control channel 672, the node 602 to split the received optical
signal 622 into the optical signals 624 and 625 according to the designated fractions of optical outputs for
the node 602 and to route the optical signals 624 and 623 respectively to the nodes 604 and 603, The node
control 682 may also control, through the electrical node control channel 673, the node 603 to switch the
received optical signal 623 as an optical signal 626 to the node 606 and no optical signal to the node 607.
In some instances, the node control 682 may also countrol the nodes 602 and 603 to send clectrical ON
signals to the nodes 604, 603, and 606 through the clecirical signal channels 654, 653, and 636, and an
electrical OFF signal to the node 607 through the electrical signal channel 657. In other instances, the node
control 682 mav send electrical ON signals to the nodes 604, 605, and 606 through the electrical signal
channels 634, 653, and 636, and an clectrical OFF signal to the node 607 through the clectrical signal
channel 657, in which the clectrical signal channels 654 and 655 may be coupled to the node control 682
directly through the electrical node control channel 672 and the electrical signal channels 656 and 657 may
be coupled to the node control 682 directly through the electrical node conirol channel 673, The ORC

controller 69¢ and/or the node control 682 may hmit the total number of electrical ON signals that mav be
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sent by the nodes 602 and 603, and/or received by the nodes 604, 603, 606, and 607, to be no more than the
MSIA group size number {e.g., three) allowed by the shared elecirical node control channels 674, The nodes
604, 603, and 606 may be activaied and thus be conirelled by the node control 683 through the shared
electrical node control channel 674. The node 607 may be deactivated and thus may not be conirelled by
the node control 683. The node conirol 683 may simuitancously and individually conirol the nodes 604,
G603, and 606 to route optical signals 627, 628, and 629 respectively to the nodes 609, 611, and 613. The
node control 683 may also condrel the nodes 604, 603, and 606 to send electrical ON signals to the nodes
609, 611, and 613 through the elecirical signal channels 639, 661, and 663, and electrical OFF signals to
the nodes 608, 610, and 612 through the electrical signal channels 638, 660, and 662. The ORC controller
690 and/or the node control 683 may limit the total number of electrical ON signals that may be sent by the
nodes 604, 605, and 606 fo be no more than the MSIA group size number (c.g., three) allowed by the shared
clectrical node control channels 675, Additionally, with the node 607 being deactivated, the node 607 may
send electrical OFF signals to the nodes 614 and 615 through the electrical signal channels 664 and 663.
The nodes 609, 611, and 613 may be activated and thus be controlled by the node contrel 684 through the
shared electnical node control channel 675, The nodes 608, 610, 612, 614, and 615 may be deactivated and
thus may not be controlled by the node control 684. The node control 684 may contro! simultancously and
mdividualtly the nodes 609, 611, and 613 to route the received optical signals 627, 628, and 629 respectively
through the optical output channels 692, 693, and 694 as the optical signals 631, 632, and 633. No clectrical
activation signals may need to be output from the nodes 6038, 609, 610, 611, 612, 613, 614, and 615,

FIG. 7 illustrates an example ORC 799 that includes a photonic network circuit 700 and a node
control system 780 with four node controls 781, 782, 783 and 784. The photonic network circuit 700
includes nodes 701, 702, 703, 704, 703, 706, 707, 708, 709, 710, 711, 712, and 713, optical signal channels
732, 733, 734, 735, 736, 737, 738, 739, 740, 741, 742, 743, 744, 745, 746, 747, and 749 that may be
optically coupled to the nodes 701, 702, 703, 704, 705, 706, 707, 708, 709, 710, 711, 712, and 713, and
electrical signal channels 732, 733, 754, 755,756, 757,758, 759,760, 761, 762, 763, 764, and 763 that may
be electrically coupled to the nodes 701, 702, 703, 704, 705, 706, 707, 708, 700, 710, 711, 712, and 713.
The node 701 is an input node that is optically coupled to an optical input channel 731 for inputting an
optical signal 721 to the photonic network circuit 700, and the nodes 704, 706, 709, 710, 711, 712, and 713
are output nodes, each of which 1s optically coupled to at feast one optical output channel for out-coupling
an optical signal from the photonic network circuit 700. The node 701 may be controlled by the node control
781 through an electrical node control channel 771, The nodes 702, 703, and 704 may be controlled by the
node control 782 through a shared electrical node control channel 772, The nodes 703, 706, 707, and 708

nay be controlled by the node controi 783 through a shared electrical node control channel 773, The nodes
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709, 710, 711, 712, and 713 mayv be controlled by the node control 784 through a shared clectrical node
control channel 774, An ORC controller 790 may determine the operational staie of the ORC 799.

Each of the nodes 701, 7062, 703, 705, 706, 707, 708, 709, 7106, 711, and 713 is optically coupled
to an optical in-coupling channel, and each of the nodes 704 and 712 s optically coupled to two optical in-
coupling channels. For example, the node 701 is an input node which may receive the optical signal 721
through the optical mput channel 731. The node 702 may receive an optical signal from the node 701
through the optical signal channel 732. The node 704 may receive an optical signal from either or both of
the nodes 701 and 708 through the optical sigaal channels 734 and 749.

The node 710 is optically coupled to one optical out-coupling channel. Each of the nodes 702, 703,
704, 703, 707, 708, 709, 711, 712, and 713 1s optically coupled to two optical out-coupling channels, and
cach of the nodes 701 and 706 1s optically coupled to three optical out-coupling channels. For example, the
node 710 is optically coupled to an optical output channel 750 for out-coupling an optical signal from the
photonic network circuit 760, The node 703 may route an optical sigual to any of the nodes 767 and 712
through the optical signal channels 738 and 737. The node 708 may out-couple an optical signal from the
photonic network circuit 700 through an optical output channel 748 and/or route an optical signal to the
node 704 through the optical signal channel 749, The node 701 may route an optical signal to any of the
sodes 702, 703, and 704 through the optical signal chaonels 732, 733 and 734. The node 706 may out-
couple an optical signal from the photonic network circuit 700 through any of optical output channels 743
and 744 and/or route an optical signal to the node 711 through the optical signal channcl 745,

A node n the photonic network circuit 700 which has a parent node may receive an electrical
activation signal from iis parent node through an electnical signal channel. For example, the node 702 may
receive an electrical activation signal from the node 701 through the electrical signal channel 752, The node
704 may receive an electrical activation signal from the nodes 701 and 708 through the clectrical signal
channels 754 and 763. The node 708 may receive an electrical activation signal from the node 704 through
the elecirical signal channel 739. The node 712 may roceive an electrical activation signal from the nodes
703 and 707 through the electrical signal channels 757 and 763. The ncdes 704 and 708 may be a parent
node and a child node of each other, simeltancousty or at different times, depending on the operation of the
ORC 799.

In some embodiments, the photonic network circuit may include components that may have a
function other than routing optical signals. For example, in the photonic network circuit 700, the optical
sighal channel 749 may function as an optical delav line in addition to coupling an optical signal between
the nodes 708 and 704.

FIG. 8 illustrates an example ORC 899 that includes a photonic network circuit 800 and a node

control system 880 with four node controls 881, 882, 883, and 884. An optical signal 821 may be mnput to
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anode 801, and an optical signal 831 may be input to a node 802, In the photonic network circuit 800, a
node that has a parent node may receive an electrical activation signal from the parent node through an
electrical signal channel. The nodes 801 and 802 may be activated and remain activated without receiving
an clectrical activation signal. In some insiances, the nodes 801 and/or 802 may be activated by receiving
an clectrical activation signal from the node control system 880, or from an clectrical activation circuit
inplement within or outside the nodes 861 and/or 802. When the node 801 is activated, the node 801 may
be controlied by the node coantrol 881 through an clectrical node control channel 871, When the node 802
s activated, the node 802 may be controlled by the node control 881 through an electrical node countrol
channel 872. Thus, the node control 881 may simultaneously and individually control the nodes 801 and
302 through the two distinct electrical node control channels 871 and 872. Nodes 803, 804, and 803 may
be controlled by the node control 882 through a shared electrical node control channel 873, Nodes 806, 807,
808, and 809 may be controlled by the node conirol 883 through a shared electrical node conirol chanoel
874. Nodes 810, 811, and 812 may be controlled by the node control 884 through a shared electrical node
control channel 875, An ORC controller 890 may determine the operational state of the ORC 899.

The shared cloctrical node control channel 873 may allow the node conirol 882 to sinmiltancously
and mdividually control a certain number of activated nodes selected from any of the nodes 803, 804, and
805 up to an MSIA group size. The shared electrical sode control chanuel 874 may allow the nede control
883 to simultancously and mndividually control a certain nwmber of activated nodes selected from any of
the nodes 806, 807, 808, and 809 up to another MSIA group size. The shared electrical node control channcl
875 may allow the node control 884 to simultaneously and individually control a certain number of activated
nodes selected from any of the nodes 810, 811, and 812 up to a further MSIA group size. The MSIA group
sizes of activated nodes allowed by the shared electrical node control channels 873, 874, and 873 may or
may wot be the same. For example, the MSIA group sizes allowed by the shared electrical node countrol
channels 873, 874, and 8735 may cach be set as two nodes. Then a group of up fo two activated nodes may
be simuliancously and mndividually controlled by the node control 882 through the shared electrical node
control channel 873, a group of up to two activated nodes may be simultaneously and individually
controlled by the node control 883 through the shared electrical node control channel 874, and a group of
up fo two activated nodes may be simubtancously and individually controlled by the node conirol 884
through the shared electrical node control channel 873,

In an example operation of the ORC 899, optical output channels 833 and 854 mayv be selected to
output optical signals 825 and 833 from the ORC 899. Additionally, optical input channels 831 and 832
may be selected to input the optical signals 821 and 831 to the ORC 899. Similar to the ORL 699, based on
the selected optical input and output channels, an operational state of the ORC 899 may be determined by

choosing optical paths in the photonic network circuit 800 that, according to the example of FIG. 8, inchudes
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the nodes 801, 802, 803, 804, 806, 807, and 810, and designating fractions of optical outputs for the nodes
801, 802, 803, 804, 806, 807, and 810 on the optical paths. The cperational state may additionally be
checked against the MSIA group sizes of the subsets in the photonic actwork circuit 800.

The photonic network circuit 800 may be configured by the node conirel svstem 880 according to
the operational state by activating and controlling the nodes on the optical paths and deactivating the nodes
not on the optical paths. According to the example operation, the nodes 801 and 802 may be simultaneouslty
and individually controlled by the node control 881 through the clectrical node control channels 871 and
872, The nodes 803 and 804 may be activated by receiving electrical ON signals from their respective
parent nodes and thus be controtled by the node control 882 through the shared eloctrical node control
channel 873. The nodes 806 and 807 may be activated by receiving electrical ON signals from their
respective parent nodes and thus be controlled by the node control 883 through the shared clectrical node
control channel 874, The node 810 mayv be activated by receiving electrical ON signals from s parent
nodes and thus be controlled by the node control 884 through the shared electrical node control channel
875. The nodes 803, 868, 809, 811, and 812 mav be deactivated by receiving electrical OFF signals from
their respective parent nodes. The optical signal 821 may be routed, as optical signals 822, 823, and 824,
through an optical path joining the nodes 801, 803, 806, and 810. The optical signal 831 may be routed, as
optical signals 832, 833, and 834, through an optical path joining the nodes 802, 804, 807, and 810. The
node 810 may receive the optical signals 824 and 834 and out-couple the received optical signals as the
optical signals 823 and 835 from the ORC 899,

FiGs. 3,4, 3, 6, 7, and 8 illusirate example ORCs in which nodes may be controlled using shared
clectrical node control channels. The nodes may be activated (allowing control by node controls through
the shared elecirical node control channels) or deactivated (disabling control by node controls through the
shared elecincal node control channels) through electrical activation signals received from parent nodes. In
some instances, a node may instead be directly activated by receiving an electrical activation signal from a
node contrel system of the ORC. FIG. 9 illustrates an example ORC 999 in which the activation of a node
may be accomplished by directly receiving an electrical activation signal from a node control. The ORC
999 includes a photonic network circuit 900 in the form of a 4-level binary tree and a node control system
980 with four node controls 981, 982, 983, and 984. An ORC coniroller 990 may determine the operational
state of the ORC 999. A node 901 15 electrically coupled to the node control 981 through an electnical node
control channel 971, Nodes 902 and 903 are ¢lectrically coupled to a node control 982 through a shared
electrical node control channel 972. Nodes 904, 903, 906, and 907 are electrically coupled to the node
control 983 through a shared electrical node control channel 973, Nodes 908, 909,910,911, 912, 913, 914,
and 915 are clectrically coupled {o the node control 984 through a shared electrical node control channel

974. Each of the nodes 902, 903, 904, 905, 506, 907, 908, 909, 910, 911, 912, 913, 914, and 913 may be
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activated by receiving an clectnical activation signal from a respective node control through a respective
shared electrical node control channel. The node 901 may be activated and remain activated without
recetving an electrical activation signal, or be activated by receiving an electrical activation signal from the
node control 981. Additionally, a node in the photonic network circuit 900 may not need to send an electrical
activation signal to a child node of the node.

The ORC 999 may achieve a simpler interface between the photonic network circwit 960 and the
node control system 980 by sharing elecinical node control channels among more than one node i the
photonte network circuwt 900, Each of the shared elecirical node control channels 972, 973, and 974 may
allow a node control to simultancously and individually control a certain number of activated nodes up to
an MSIA group size. FIG. 10A illustrates an example node 1610 that may receive an electrical activation
signal from a node control for the activation of the node through a shared electrical node control channel,
im which the shared clectrical node control channel may allow an MSIA group size of three nodes. The node
1610 may be used in the ORC 999 and is described later in this disclosure,

According to some embodiments, a clock signal may be used to synchronize the operations of the
ORC. A node of a photonic network circuit of the ORC may receive a clock signal from a node control
system of the ORC.

FIGs. 10A-D illustrate block diagrams of four noedes which may be used to construct the ORC of
the present disclosure. FIGs. 11A-E, 12, 134, and 16A illustrale embodiments of implementations of the
four nodes.

FIG. 10A illustrates a block diagram of a node 1010 that may be included in an ORC of the present
disclosure. The node 1010 mcludes a node optical unit 1001 and a node electronic unit 1002, The node
optical unit 1001 is optically coupled to an optical n-coupling channel 1031 and optical out-coupling
channels 1032 and 1033, The node electronic unst 1002 5 electrically coupled to an elecirical signal channel
1051 for receiving an electrical activation signal and electrical signal channels 1052 and 1053 for sending
out clecirical activation signals. The node 1010 mav be coupled to other numbers of optical in-coupling and
out-coupling channels and other nurabers of electrical signal channels for recetving and sending out
clectrical activation signals. The node 1010 may be controlled by a node control through an electrical node
control channel 1071 when the node 16190 is activated. The node 1010 may be activated or deactivated by
receiving an clectrical activation signal over the electrical signal channel 1051, The node 1010 may route
an optical signal received over the optical in-coupling channel 1031 to the optical out-coupling channels
1032 and/or 1033, The node 1010 may send electrical activation signals over the electrical signal channels
1052 aad/or 1033, The node 1016 or a modified node 1010 coupled to other numbers of optical and
electrical signal channels may be used as the node 302, 303, 304, 303, 306, or 307 in FIG. 3, the node 402,

403, 404, 405, 406, or 407 1n FIG. 4, the node 502, 503, 504, 503, 506, or 507 in FIG. 3, the node 604, 605,
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606, or 607 in FIG. 6, the node 702, 703, 704, 703, 706, 707, or 708 m FIG. 7, or the node 803, 804, 803,
806, 807, 808, or 809 in FIG. 8.

FIG. 10B illustrates a block diagram of a node 1020 that may be included in an ORC of the present
disclosure. The node 1020 includes the node optical unit 1001 and a node clectronic unit 1003, The node
optical unit 1001 is optically coupled to the optical in-coupling channel 1031 and the optical out-coupling
channels 1032 and 1033, The node electronic unit 1003 1s electrically coupled to the electrical signal
channels 1052 and 1033 for sending out electrical activation signals. The aode 1020 may be coupled to
other numbers of optical m-coupling and out-coupling channels and other numbers of electrical signal
channels for sending out electrical activation signals. The node 1020 may be controlled by a node control
through an electrical node control channel 1072 when the node 1020 1s activated. In some instances, the
node 1020 may be implemented to be activated and remain activated without receiving an electrical
activation signal. In other instances, the node 1020 may be implemented to be activated or deactivated by
receiving an electrical activation signal from the node control system, and the node 1020 may roceive the
clectrical activation signal through the electrical node control channel 1072, In further instances, the node
1020 may be implemented to be activated or deactivated by receiving an electrical activation signal from
an clectrical activation circuit that mav be implemented within or outside the node 1020, The node 1020
may route an opitcal sigaal recerved over the optical m-couphing channel 1031 to the optical out-coupling
channels 1032 and/or 1033, The node 1020 may send electrical activation signals over the elecirical signal
channels 1052 and/or 1033, The node 1020 or a modified node 1020 coupled to other numbers of optical
and cleetrical signal channels may be used as the node 361 in FIG. 3, the node 401 in FIG. 4, the node 301
i FIG. 3, the node 602 or 603 in FIG. 6, the node 701 m FIG. 7, or the node 801 or 802 in FIG. 8.

FIG. 10C illustrates a block diagram of a node 1030 that may be included in an ORC of the present
disclosure. The node 1030 ncludes the node optical vnit 1001 and a node electronic unit 1004, The node
optical unit 1001 15 optically coupled to the optical in-coupling channel 1031 and the optical out-coupling
channels 1032 and 1033, The node clectronic unit 1004 1s clectrically coupled to the electrical signal
channel 1051 for receiving au electrical activation signal. The node 1030 may be coupled to other numbers
of optical in-coupling and cut-coupling channels and other number of elecirical signal channels for
recetving electrical activation signals. The node 1030 may be controlled by a node control through an
clectrical node control channel 1073 when the node 1030 15 activated. The node 1030 may be activated or
deactivated by receiving an electrical activation signal over the electrical signal channel 1051, The node
1030 may route an optical signal received over the optical in-coupling channel 1031 to the optical out-
coupling channels 1032 and/or 1033, The node 1030 may not send out an electrical activation signal. The
node 1030 or a modified node 1030 coupled to other numbers of optical and electrical signal channels may

be used as the node 305, 309, 310, 311, 312, 313, 314, or 315 in FIG. 3, the node 408, 409, 410, 411,412,
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413,414, 0r 4153 in FIG. 4, the node 508, 509, 510, 511,512, 513, 514, or 315 in FIG. 3, the node 608, 609,
610, 611, 612,613, 614, or 613 in FIG. 6, the node 709, 710, 711, 712, or 713 in FIG. 7, or the node 810,
811, or 81210 FIG. 8.

FIG. 10D illustraies a block diagram of a node 1040 that may be included in an ORC of the present
disclosure. The node 1046 includes the node optical unit 1001 and a node electronic unit 1005. The node
optical unit 1001 1s optically coupled to the optical in-coupling channcl 1031 and the optical out-coupling
channels 1032 and 1033. The node 1040 may be coupled to other numbers of optical in-coupling and out-
coupling chanuels. The node 1040 may be controlied by a node control through an elecirical node control
channel 1074 when the node 1040 is activated. In some instances, the node 1040 may be implemented to
be activated and remain activated without receiving an electrical activation signal. In other instances, the
node 1040 may be implemented to be activated or deactivated by receiving an electrical activation signal
frora the node control svstem, and the node 1040 may receive the electrical activation signal through the
electrical node control channel 1074, In further instances, the node 1040 may be implemented to be
activaled or deactivated by receiving an electrical activation signal from an electrical activation circuit that
may be mplemented within or outside the node 1040, The node 1040 may route an optical signal received
over the optical in-coupling channel 1031 to the optical out-coupling channels 1032 and/or 1033, The node
1040 may not send out an electrical activation signal. The node 1040 or a modified node 1040 coupled to
other numbers of optical signal channels may be used as the node 201, 202, 203, 204, 205, 206, 207, 208,
209,210,211, 212,213, 214, or 215 1n FIG. 2, the node 601 in FIG. 6, or the node 901, 902, 903, 804, 905,
906, 907, 908, 909, 910, 911,912,913, 914, or 915 in FIG. 9.

The node optical unit 1001 may carrv out tasks related to the photonic aspects of a node, such as
but not fimited to the routing of optical signals. The node electronic unit 1002, 1003, 1004, or 1003 may
carry oul tasks related to the elecinical aspects of a node, such as but not limated to the activation of the
node. The clectrical node control channels 1071, 1072, 1073, and 1074 to which the node electronic units
1002, 1003, 1004, and 1005 couple may or may not be the same. The node optical unit and the node
electronic vait of a node may be implemented oo the same platform (e.g.. a monclithic EPIC chip) or on
distinct platforms {e.g., a configuration in which the node optical unit may be implemented on a PIC chup
and the node electronic unit may be implemented on an EIC chip, with the PIC chip and EIC chip coupled
to each other by means of 2.5D or 3D electronic-photonic intogration).

The activation of a node may be carried out with an electrical activation signal represented by a
fogic signal. An ON state of an clectrical activation signal may be represented by a logical HIGH that may
exceed a certain vollage {e.g.. 2.5V). An OFF state of an ¢lectrical activation signal may be represented by
a logical LOW that may be below a certain vollage (e.g.. 0.5V). An example node 1110 in which the

activation may be carried out with a logic signal 1s illustrated in FIG. 11 AL In other mstances, the activation

30



10

2
o

30

WO 2025/096014 PCT/US2024/030031

of a node may be carried out with an electrical activation signal represented by a signal other than a logic
signal. Examples of such an elecirical activation signal may inchide, but are not imited to. an encoded
signal with some encodings representing ON staies and other encodings representing OFF states. An
example node electronic untt 1402 for a node in which the activation may be carried out with an encoded
signal 1s illustrated in FIG. 14A.

As exemplified by the node 1010 1o FIG. 10A and the node 1630 in FIG. 10C, the node electronic
unit of a node may be coupled to one or more electrical signal channels for receiving clectrical activation
signals. A node may be activated when the node clectronte vatt of the node receives an electrical ON signal
over any of the electrical signal channels. The node may be deactivated when the node electronic unit
receives an electrical OFF signal over each of the electrical signal channels. The electrical activation signal
received by the node mayv be sent from a parent node of the nede. In some instances, the electrical activation
signal recetved by the node may be sent directly from a node control system.

As exemplified by the node 1020 10 FIG. 10B and the node 1040 in FIG. 10D, the node electronic
umit of a node may receive an electrical activation signal from a nede control system of the ORC, and the
electrical activation signal may be received by the node through an electnical node control channel. In some
tnstances, the node electronic unit may receive an electrical activation signal from an electrical activation
circuit inplemenied within or outside the node. Ie some instances, a node may be activated and remain
activated without receiving an elecirical activation signal, which may be accomplished through a
configuration of the node electronic unit in the node.

In some instances, a node may be deactivated and remain deactivated by default until the node
electronic unit of the node receives an electrical ON signal that activates the node.

When a node is activated, the nade electronic unit of the activated node may allow a node conirol
to countrol the node optical unit of the node. When a node is deactivated, the node clectronic unit of the
deactivated node may disable the control of the node optical unit by the node control. As exemplified by
the node 1010 mn FIG. 10A and the node 1020 m FIG. 10B, the node electronic unit may additionally send
out clectrical activation signals. The states of the electrical activation signals sent out may be controlied or
determined by the node conirol when the node is activaicd. The states of the electrical activation signals
sent out may be determined, either entirely or partially, by an elecirical control signal sent by the node
control and received by the activated node. The electrical control signal may be transmitted from the node
control to the activated node through an electrical node control channel. Each of the electrical activation
sighals sent out may be an OFF state when the node s deactivated. The node electronic unit of a node of
the ORC may be coupled to one or more clectrical signal chanuels for sending out electrical activation
signals from the node. The electrical activation signal sent out by the node may be received by a child node

of the node. As exemplified by the node 1030 n FIG. 10C and the node 1040 in FIG. 10D, the node
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clectronic unit of a node may not send out an electrical activation signal, whether the node is activated or
deactivated.

The node electronic unit of a node may perform additional tasks such as, but not luntted to, sending
out an clectrical feedback signal. Examples of an elecincal feedback signal may include, but are not limited
to, an electrical monitoring signal cutput from a photodetector of the node optical unit of the node and an
acknowledgment (ACK) signal. A node control may receive an electrical feedback signal from the node
clectronic unit of a node through an electrical node control channel.

The node optical unit of a node may include an optical switch and may be coupled to one or more
optical m-coupling channels and one or more optical out-coupling channels. The optical switch may route
one or more optical signals that may be received over the optical in-coupling channels to any of the optical
out-coupling channels. In some instances, the optical switch may route an optical signal to nonc of the
optical out-coupling channels. Examples of an optical switch may include, but are not imited to, an MZ
swiich, a ring switch, a MEMS switch, and any other clectro-optical, thermo-optical, acousto-optical, oplo-
mechanical, and linear or nonlinear optical switch known to those skilled i the art. In addition to an optical
switch, the node optical unit may mclude any other opto-electronic, electro-optical, thermo-optical,
acousto-optical, opto-mechanical, and hinear or nonlinear photonic components, such as but not hmited to
a photodetector and an optical araplifier. An example node 1210 i which the node optical unit includes a
photodetector is illastraied 1a FIG. 12.

In FIG. 10A, the node electronic unit 1002 1n the node 1010 15 coupled to the electrical signal
channel 1051 for receiving an clectrical activation signal and to the electrical signal channels 1032 and
1033 for sending out clectrical activation signals. The elecirical activation signal received over the clectrical
signal channel 1031 may be sent by a parent node of the node 1010, The elecirical activation signals sent
over the electrical signal channels 1032 and 1033 may be reccived by child nodes of the node 1010, The
node 1010 may be activated by receiving an electrical ON signal over the electrical signal channel 1051,
When the node 1010 is activated, the node 1010 may be controlled by a node control through the clectrical
node control chaanel 1071, The node electronic vait 1002 may allow the node control to control the node
optical unit 1001 through the electrical node control channel 1071 and an electrical channel 1079, The node
electronic anit 1602 may additionally send electrical activation signals over the electrical signal channels
1052 and 1033, The states of the electrical activation signals sent may be controlled or determined by the
node control when the node 1010 is activated. The node optical unit 1001 1n the node 1010 15 coupled to
the optical in-coupling chasnel 1031 and the optical out-coupling chasnels 1032 and 1033, When the node
1010 is activated, the optical switch in the node optical wnit 1001 may be conirolled by the node control to
route an optical signal recetved over the optical in-coupling channel 1031 to any of the optical out-coupling

channels 1032 and 1033, The node 1010 may be deactivated by default or by receiving an electrical OFF
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signal over the electrical signal channel 1051, When the node 1010 is deactivated, the node clectronic unit
1002 may disable the control of the node opiical unit 1001 by the node control. The node electronic uni
1002 of the deactivated node 1010 may additionally send an electrical OFF signal over each of the electrical
signal channels 1052 and 1033,

In FIG. 10B, the node electronic unit 1003 1 the node 1020 15 coupled to the electrical signal
channels 1052 and 1033 for sending out electrical activation signals. The electrical activation signals sent
over the electrical signal channels 1052 and 1053 may be recetved by child nodes of the node 1020. The
activation of the node 1020 may be accomplished by an implementation of the node electronic wut 10603
which, according to some embodiments of the node 1020, may set and continue to set the node 1020 1n an
activated state, or, according to other embodiments of the node 1020, may receive an electrical activation
signal from the node controf system of the ORC through the elecirical node control channel 1072 or from
an electrical activation circutt implemented within or outside the node 1020, When the node 1020 is
activated, the node 1020 may be controlled by a node control through the electrical node control channel
1672, The node electronic uvnit 1003 may allow the node control o control the node optical wmit 1001
through the electrical node control channel 1072 and the electrical channel 1079, The node electronic unit
1003 may additionally send electrical activation signals over the clectrical signal channels 1052 and 1033,
The states of the electrical activation signals seat may be countrolled or determined by the node control when
the node 1020 1s activated. The node optical unit 1001 1n the node 1620 is coupled to the optical in-coupling
channel 1031 and the optical out-coupling channels 1032 and 1033. When the node 1020 is activated, the
optical switch in the node optical unit 1001 may be conirolled by the node control to route an optical signal
received over the optical m-coupling channel 1031 1o any of the optical out-coupling channels 1032 and
1033, In some embodiments, the node 1020 may be deactivated by default or by receiving an electrical OFF
signal from the node control svstem or an elecirical activation circuit. When the node 1020 1s deactivaled,
the node electronic unit 1003 may disable the control of the node optical unit 1001 by the node control. The
node clectronic unit 1003 of the deactivated node 1020 may additionally send an clectrical OFF signal over
gach of the elecirical signal channels 1052 and 1053,

In FIG. 10C, the node electronic unit 1004 in the node 1039 is coupled to the elecirical signal
channel 1051 for receiving an clecirical activation signal. The electrical activation signal recetved over the
clectrical signal channel 1051 may be sent by a parent node of the node 1030, The node 1630 may be
activated by receiving an clectrical ON signal over the clectrical signal channel 1051, When the node 1030
1s activated, the node 1030 may be controlled by a node conirol through the electrical node control channel
1073, The node elecironic vait 1004 may allow the node control to control the node optical wmit 1001
through the electrical node control channel 1073 and the elecirical channel 1679, The node optical unit

1601 in the node 1030 is coupled to the optical in-coupling channel 1031 and the optical out-coupling
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channels 1032 and 1033, When the node 1030 is activated, the optical switch in the node optical unit 1001
may be conirclled by the node control to route an optical signal received over the optical in-coupling
channel 1031 to any of the optical out-coupling channels 1032 and 1033, The node 1030 may be deaciivated
by default or by receiving an electrical OFF signal over the electrical signal channel 1051, When the node
1030 is deactivated, the node electronic unit 1004 may disable the control of the node optical unit 1001 by
the node control. The node electronic unit 1064 may not send out an electrical activation signal, whether
the node 10390 is activated or deactivated.

In FIG. 10D, the node 1040 may be activated and remain activaled, or the node 1040 may be
activated or deactivated by receiving an clectrical activation signal from the node control system of the
ORC through the electrical node control channel 1074 or from an electrical activation circuit implemented
within or outside the node 1040, When the node 1040 is activated, the node 10460 may be controlled by a
node control through the electrical node control channel 1074, The node electronic unit 1605 may allow
the node control to coutrol the node optical unit 1001 throogh the electrical node control channel 1074 and
the electrical channel 1079, The node optical umit 1001 in the node 1040 1s coupled to the optical in-coupling
channel 1031 and the optical out-coupling channels 1032 and 1033, When the node 1040 is activated, the
optical switch in the node optical unit 1001 may be controlied by the node control to route an optical signal
received over the optical in-coupling channel 1031 to any of the optical cui-coupling channels 1032 and
1033 In some embodiments, the node 1040 may be deactivated by default or by receiving an electrical OFF
signal from the node control system or an electrical activation circuit. When the node 1040 is deactivated,
the node electronic unit 1003 may disable the control of the node optical unit 1001 by the node control. The
node electronic unit 1005 may not send out an clectrical activation signal, whether the node 1040 is
activated or deactivated.

In FiGs. 16A-D, cach of the clectrical channels 1631, 1052, 1053, 1071, 1072, 1073, 1074, and
1079 may mclide one or more physical electrical connection paths.

A node control may conirel an activaied node through an clectrical node control channel. Tn some
embodiments, the clecirical node control channel may be a shared elecirical node control channel that s
shared by more than one node. For example, in FIGs. 10A-D, cach of the electrical node control channels
1071, 1072, 1073 and 1074 may be a shared elecirical node control channel that is shared by more than one
node. The nodes that may share an ¢lectrical node control channel may or may not have the same design as
cach other. A shared clectrical node control channel may allow a node control to simultancously control a
group of activated nodes, in which the group is a subset of a plurality of nodes coupled to the node control
through the shared electrical node control channel. The shared electrical node control channel may

additionally allow the node conirel to mdividually control each of the activated nodes in the group. The
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maximum number of activated nodes in the group that may be simultancously and individually controlled
by the node conirol is the MSIA group size of the plurality of nodes.

FIG. 11 A dlustrates an example node 1110, which may be the node 1010 in FIG. 10A. The node
1110 may be used as the node 302, 303, 304, 305, 306, or 307 in FIG. 3, the node 402, 403, 404, 405, 406,
or 407 in FIG. 4, the node 504, 305, or 506 1n FIG. 3, or the node 702, 703, 703, or 707 in FIG. 7.

The node 1110 may be electrically coupled to a node control through an electrical node control
channel that includes electrical node control sub-channels 1171 and 1172, An electrical node control signal
that may be sent by the node control and recetved by the node 1110 may include an clectrical voltage signal
{or an electrical current signal) transmitted over the clectrical node control sub-channel 1171 and an
electrical control signal transmitted over the elecirical node control sub-channel 1172, The node 1110
mcludes a node optical unit 1101 and a node clectronic unit 1102, The node optical unit 1101 includes an
optical switch 1111 that is coupled to an optical in-coupling channel 1131 and optical out-coupling channels
1132 and 1133, The node electronic uwmit 1102 includes sub-units 1141 and 1146. The node electronic sub-
umit 1141 may allow or disable a control of the optical switch 1111 by the node control depending on the
state of an clectrical activation signal reccived over an electrical signal channel 1151, The node electronic
sub-unit 1146 may control an clectrical activation signal to be sent over cach of clectrical signal channels
1152 and 1153, The states of the electrical activation signals sent over the electrical signal channels 1152
and 1153 may depend on the elecirical activation signal received over the electrical signal channel 1151
and the electrical control signal recetved from the node control over the electrical node control sub-channel
1172

The electrical activation signal received over the electrical signal channel 1131 and/or the electrical
control signal recetved over the elecirical node control sub-channel 1172 may be logic signals. An electrical
ON signal may be represented by a logical HIGH, and an clectrical OFF signal may be represented by a
logical LOW. The node clectronic sub-unit 1141 may include electronic components {(¢.g., a MOSFET
switch) that may be switched on by receiving an electrical ON signal or swiiched off by recetving an
electrical OFF signal over the electrical signal channel 1151, When swiiched on, the node electronic sub-
untt 1141 may establish an elecirical connection between the node control and the optical switch 1111
through the electrical node control sub-channel 1171 and an electrical channel 1179, so that the node control
may control the optical switch 1111 by supplving an electrical voltage to the optical switch 1111 through
the clectrical node control sub-channel 1171 and the clectrical channel 1179, When switched off, the node
electronic sub-unit 1141 may cut off the clectrical connection between the node control and the optical
switch 1111 through the electrical node conirol sub-channel 1171 and the electrical channel 1179 so that
the node control may not control the optical switch 1111 through the electrical node control sub-channel
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The node clectronic sub-unit 1146 may include electronic components (c.g., logic gates) that may
control the state of an electrical activation signal that is sent over each of the electrical signal channels 1132
and 1133, When an electrical ON signal is received over the electrical signal channel 1151, the states of the
electrical activation signals sent over the elecirical signal channels 1152 and 1133 may be detenmined by
the node electronic sub-unit 1146 and based on the clectrical control signal received over the electrical node
control sub-channel 1172, In the example of FIG. 11A, when an electrical ON signal is recetved over the
clectrical signal channel 1151, the node electronic sub-unit 1146 may send an electrical ON signal to one
of the elecinical signal channels 1152 and 1153 and an elecirical OFF signal to the other electrical signal
channel 1153 or 1152, The clectrical signal channel 1152 or 1133 that receives the clectrical ON signal may
be determined using the electrical control signal received over the electrical node control sub-channel 1172,
When an electrical OFF signal s received over the electrical signal channel 1151, the node electronic sub-
anit 1146 may disregard the electrical control signal received over the electrical node control sub-channel
1172 and send an electrical OFF signal to each of the electrical signal channels 1152 and 1153, In other
embodiments, the node electronic sub-unit 1146 may be configured to send electrical activation signals
with states according to other rules to the electrical signal channels 1152 and 1153,

FIG. 11B illustrates an example node 1120, which may be the node 1010 v FIG. 10A. The node
1120 may be used, according to sorae embodiments, as the node 804, 807, or 808 in FIG. 8. Thenode 1120
mcludes a node optical unit 1109 and a node clectronic unit 1103, The node 1126 is similar to the node
11101 FIG. 11A, except that the node optical unit 1109 in the node 1120 inclades an optical switch 1112
that 1s coupled to optical in-coupling channels 1131 and 1134 and the optical oui~coupling channcls 1132
and 1133, Any of the optical in-coupling channels 1131 and 1134 may be used to in-couple an optical signal
to the node 1120. Any of the optical out-coupling channels 1132 and 1133 may be used to out-couple an
optical signal from the node 1120. The node clectronic unit 1103 mclades sub-units 1142 and 1146. The
node eloctronic sub-umit 1142 may allow the node 1120 to be activated by receiving an electrical ON signal
over cither or both electrical signal channels 1151 and 1154, or to be deactivated by receiving an elecirical
OFF signal over cach of the electrical signal chanuels 1151 and 1134, The node electronic sub-unit 1146
of the node 1129 is similar to the sub-unit 1146 of the node 1110 in FIG. 11A.

FIG. 11C illustrates an example node 1130, which may be the node 1010 1n FIG. 10A. The node
1130 includes the node optical umit 1109 and a node electronic unit 1104, The node optical wt 1109 of the
node 1130 is similar to the node optical unit 1109 of the node 1120 1n FIG. 11B. The node electronic unit
1104 includes sub-units 1141 and 1147, The node electronic sub-unit 1141 of the node 1130 is similar to
the sub-umit 1141 of the node 1110 in FIG. 11A. In the example of FIG. 11C, the node elecironic sub-paif
1147 may, depending on the electrical activation signal received over the electrical signal channel 1151,

pass an electrical control signal recetved over the electrical node control sub-channel 1172 as an electrical
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activation signal to the clectrical signal channel 1132, or send an clectrical OFF signal to the clectrical
signal channel 1132, In other embodiments, the node electronic sub-unit 1147 may be configured to send
an electrical activation signal with a state according to other rules to the electrical signal channel 1152,

FIG. 11D iHustrates an example node 1140, which may be the node 1020 1n FIG. 10B. The node
1140 may be used as the node 301 in FIG. 3, the node 401 in FIG. 4, or, according to some embodiments,
the node 801 or 802 n FIG. 8. The node 1140 includes the node optical unit 1161 and a sode electronic
unit 1103, The node 1140 may be activated and remaia activated to be controlled by a node control without
receiving an electrical activation signal. An electrical connection may be established between the node
control and the optical switch 1111 in the node optical unit 1101 through the electrical node control sub-
channel 1171 and the electrical channel 1179, The node ¢lectronic unit 1103 mcludes a sub-unit 1148 In
the example of FIG. 11D, the node electronic sub-unit 1148 mav send and condinue to send an electrical
ON sigual to one of the electrical signal chanuels 1152 and 1153, and an elecirical OFF signal to the other
electrical signal chanuel 1133 or 1132, The electrical signal channel 1152 or 1153 that receives the electrical
ON signal may be determined by an electrical control signal received over the electrical node control sub-
channel 1172, In other embodiments, the node electronic sub-unit 1148 may be configured to send electrical
activation signals with states according to other rules to the electrical signal channels 1132 and 1153, The
sode 1140 with the node electronic sub-unit 1148 and the electrical signal channels 1152 and 1133 removed
may be the node 1040 1a FIG. 10D that may be used as the nodes in FIG. 2, the node 601 1a FIG. 6, or the
node 901 in FIG. 9.

FIG. 1IE illustrates an example node 1130, which may be the node 1030 m FIG. 10C. The node
1150 may be used as the node 308, 309, 310, 311, 312, 313, 314, or 313 1n FIG. 3, the node 408, 409, 410,
411,412, 413, 414, or 415 10 FIG. 4, or the node 709, 711, or 713 in FIG. 7. The node 1130 includes the
node optical unit 1101 and a node clectronic unit 1106, The node 1150 may not send out an clectrical
activation signal. The node electronic unit 1166 in the node 1150 includes the node electronic sub-unmit 1141
that is similar to the node clectronic sub-unit 1141 i the node 1110 for the conirel of the electrical
connection between a node control and the optical switch 1111 in the node optical unat 1101 through the
electrical node control sub-channel 1171. The node elecironic unit 1106 may disregard any electrical control
signal that may be received from the node control through the electrical node control sub-channel 1172
The clectrical node control sub-channel 1172 is optional for the node 1150

The nodes 1110, 1120, 1130, 1140, and 1150 may be modified to result in other implementations
of one or raore of the node 1010 in FIG. 10A, the node 1020 in FIG. 108, the node 1030 i FIG. 10C, or
the node 1040 1n FIG. 10D, Examples of modified nodes 1110, 1120, 1130, 1140, and 1150 may mclude,

but are not linited to, nodes that may correspond o the nodes of the ORC 799 1s FIG. 7.
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In some instances, the elecirical node control channel that includes the sub-channels 1171 and 1172
may be a shared electrical node conirol channel for coupling multiple nodes 1110, 1120, 1130, 1140, and/or
1150 to a node control. The nodes that are coupled to the shared electrical node control channel may be the
same or different from each other. FIG. 11F illustrates an example of a plurality of nodes, including sodes
1110-1, 1110-2, and 1130, that may be coupled to a node control 1181 by sharing the electrical node control
channel that includes the sub-channels 1171 and 1172, Each of the nodes 1110-1 and 1110-2 s anode 1110
i FIG. 11A. In the example of FIG. 11F, the nodes 1110-1, 1110-2, and 1150 may be coupled to the shared
electrical node control channel in parallel.

Each of the nodes 1110-1, 1110-2, and 1150 may be activated by receiving an electrical ON signal
or deactivated by recetving an electrical OFF signal over a respective electrical signal channel 1151,
Electrical connections between the node conirol 1181 and the optical switches in the nodes 1110-1, 1110~
2, and 1150 may be established through the electrical node condrol sub-channel 1171 only for those of the
nodes 1110-1, 1110-2, and 1150 that are activated. The node conirol 1181 may simultancously control,
through the electrical node control sub-channel $171, the optical switches in those nodes 1110-1, 1110-2,
and 11350 that are activated. Both the nodes 1110-1 and 1110-2 may recetve the same electrical control
signal from the node control 1181 through the electrical node control sub-channel 1172, For cach of the
sodes 1110-1 and 1110-2, the electrical activation signals sent by the node to its respective electrical signal
channels 11532 and 1133 may depend on the clectrical activation signal received over its clectrical signal
channel 1151 and the clectrical control signal received from the node control 1181 through the electrical
node conirol sub-channel 1172,

For a plurality of any of the nodes 1110, 1120, 1130, 1140, and 1130 that may be coupled to anode
control through a shared electrical node control channel that includes the sub-chansels 1171 and 1172, the
embodiments in FIGs. 11A-E may allow a group of up {o one activated node selected from the plurabty of
the nodes to be simultancously and individually controlled by the node control, e.g., an MSIA group size
of one node for the plurality of the nodes.

In some embodiments, a node conirol system of the ORC may operate an optical switch in a node
based on an electrical feedback signal received by the node control system. Such embodiments may include,
but are not limited to, an ORC in which optical switches of the nodes of the ORC may be MZ switches.
Due to fabrication artifacts, performance of an MZ switch may depart from its specifications. Additionally,
propertics of an MZ swiich may be affecied by ambient temperature. In some embodiments, operations of
an optical switch of a node due to practical issues, such as but not limited to fabrication artifacts and
temperaturc-dependent effects, may be compensated by controlhing the optical switch based on electrical

monitoring signals thal monitor the optical signals output from optical out-couphng channels of the node.
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FIG. 12 illustrates an example node 1210, which may be the node 1010 in FIG. 10A. The node
1210 may be similar to the node 1110 in FIG. 11A, except that the node 1210 may additionally include
photodetectors and electronic componenis asscciated with the photodetectors, and be coupled to a node
control through additional electrical node control sub-channels. The node 1210 mcludes a node optical vnit
1201 and a node clectronic unit 1202, The node optical unit 1201 inchides photodetectors 1261 and 1262,
in addition to an opiical swiich 1211, The node electronic umit 1202 includes a photodetector control sub-
unit 1242 in addition to node elecironic sub-uniis 1241 and 1246, The node 1210 may be coupled to a node
control 1281 through an elecirical node control channel that includes electrical node control sub-channels
1271, 1272, 1273, and 1274

Depending on the state of an electrical activation signal that may be recerved over an electrical
signal channel 1251, the node electronic sub-unit 1241 may allow or disable a control of the optical switch
1211 by the node control 1281 through the electrical node control sub-channel 1271. The node electronic
sub-unit 1246 may countrol an electrical activation signal to be sent over each of the electrical signal channels
1252 and 1253, in which the states of the electrical activation signals to be sent may depend on the state of
the electrical activation signal received over the clecirical signal channel 1251 and the state of an clectrical
control signal received from the node control 1281 through the electrical node control sub~-channel 1272

The node optical unit 1201 of the node 1210 may split 3 sreall fraction (e.g., 3% or kess) of optical
signals from optical oui-coupling chanuels 1232 and/or 1233. The fractions of the optical signals to be split
from the optical out-coupling channels 1232 and 1233 mayv or may not be the same. The splitting may be
accomplished by optical sphtters, including but not limited to optical dircctional couplers, that may be
coupled to the optical ocut-coupling channels 1232 and/or 1233, The fractions of the optical signals split
from the optical out-coupling channels 1232 and 1233 may respectively be coupled to and detected by the
photodetectors 1261 and 1262. The photodetectors 1261 and 1262 may produce clectrical momitoring
signals, which may be received by the photodetector control sub-unit 1242, Each of the photodetectors 1261
and 1262 may output an elecirical monitoring signal that may be proportional to the optical power of the
fraction of the optical sigaal coupled to the photodetector 1261 or 1262. The photodetector control sub-unit
1242 may include electronic components, such as but not Hmited to transmission gates, which may pass the
electrical monitoring signals received from the photodetectors 1261 and 1262 as electrical feedback signals
to the node control 1281 through the electrical node control sub-channels 1273 and 1274 when an electrical
ON signal is received over the electrical signal channel 1251, The photodetector control sub-unit 1242 may
block the elecirical feedback signals from coupling to the clecirical node control sub-channels 1273 aad
1274 when an clectrical OFF signal is received over the electrical signal channel 1251, The photodetector

control sub-unit 1242 may nclade pre-amplifiers that amphfy the elecirical montoring signals recetved
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from the photodetectors 1261 and 1262, Examples of a pre-amplifier in the photodetector control sub-unit
1242 may include, but are not limited to, a transtmpedance amplifier (TIA).

The electrical power consumed by some components of the node 1210, including but not limited
to the optical switch 1211, the photodetectiors 1261 and 1262, and the pre-amplifiers in the photodetector
control sub~unit 1242, may be minimized when the node 1210 is deactivated by receiving an electrical OFF
signal over the electrical signal channel 1251, This may be accomplished by configurations in which the
components may be disconnected from their respective power supplies when the node 1210 is deactivated.
For example, the photodetector control sub-unit 1242 may connect the photodetectors 1261 and 1262 to a
biasing-voltage power supply when an electrical ON signal is received over the electrical signal channel
1251. The photodetector control sub-unit 1242 may disconnect the photodetectors 1261 and 1262 from the
power supply when an electrical OFF signal s received over the clecirical signal channel 1251, As another
example, a pre-amplifier in the photodetector control sub-unit 1242 may be enabled when an electrical ON
signal is received over the clectrical signal channel 1231 and may be disabled when an electrical OFF signal
is recetved over the elecirical signal channel 1251, A TIA 1 the photodetector control sub-unit 1242 as
iltustrated i FEG. 12, includes a conirol mput labeled with & “C” that may enable or disable the TIA
depending on the state of the clectrical signal received by the control input.

The photodetector control sub-unit 1242 may transmait electrical feedback signals to the note control
1281 over the electrical node control sub-channels 1273 and 1274, in which the electrical feedback signals
may respectively be proportional to the electrical monitoring signals received from the photodetectors 1261
and 1262, In some instances, the photodetector control sub-unit 1242 may output an clectrical feedback
signal that may be proportional to the difference between the clecirical monitoring signals received from
the photodetectors 1261 and 1262, In other instances, the photodetector control sub-unit 1242 may cuiput
an clectrical feedback signal that may be related to the clectrical monitoring signals received from the
photodetectors 1261 and 1262 after some signal processing, which may include but is not limited to filtering.
The number of electrical node control sub-channels for transmitting electrical feedback signals from the
photodetector conirol sub-unit 1242 to the node control 1281 may depend on the number of electrical signals
output from the pholodetector control sub-unit 1242,

The node control 1281 may include an electrical feedback circuit that may adjust the voliage
apphied to the optical switch 1211 through the clectrical node control sub-channel 1271, in which the
adjustment may be made based on the clectrical foedback signals received from the photodetector control
sub-unit 1242,

In FIG. 12, the optical out-couphng channels 1232 and 1233 are illustrated to be coupled to the
photodetectors 1261 and 1262, respectively. The node 1210 may inchide any number of photodetectors that

may be coupled to one or more optical out-coupling channels of the node 1210, A modified node 1210 that
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mcludes other numbers of photodetectors may include a modificd photedetector control sub-unit 1242 with
other numbers of electrical node control sub-channels that are coupled to the modified photodetector conirel
sub-vait 1242,

The node 1210 may be modified to result in other implementations of the node 1010 1n FIG. 10A
or implementations of the node 1020 in FIG. 108, the node 1030 in FIG. 10C, or the node 1040 in FIG.
10D, Examples of such a modified node 1210 may include, but are not limited fo, nodes that are counterparts
to the node 1120 i FIG. 11B, the node 1130 in FIG. 11C, the node 1140 in FIG. 11D, and the node 1150
i FIG. 11E. A plurality of any of these nodes may be coupled to a node control through a shared clectrical
node control channel that includes the sub-channels 1271, 1272, 1273 and 1274, in a configuration similar
to the example in FIG. 11F.

For a plurality of the nodes 1210 and/or the modified nodes 1210 that may be coupled to a node
control through a shared electrical node control channel that mcludes the sub-channels 1271, 1272, 1273,
and 1274, the example in FIG. 12 may allow a group of up to one activated node selected from the plurality
of the nodes to be simultaneously and mndividually controlled by the node control, e.g., an MSIA group sive
of one node for the plurality of the nodes.

FIG. 13A ilustrates an example node 1310, which mayv be the node 1010 in FIG. 10A. The node
1310 is similar to the node 1110 in FIG. 11A and the node 1210 i FIG, 12, except that for a plurality of
the nodes 1310 that may be coupled to a node conirol through a shared clectrical node control channel (sec
FIG. 13B), the node 1310 may enable a maxamum of more than one activated node selected from the
plurality of the nodes 1310 to be simultaneously and individually controlied by the node control, e.g., an
MSIA group size of more than one node.

In the example of FIG. 13A, the node 1310, with a shared electrical node conirol channel that
mcludes elecirical node control sub-channed groups 1391, 1392, and 1393, may allow a group of up to three
activated nodes 1310 to be simultancously and individually controlled by a node conirol through the shared
electrical node conirel channel. That is, the node 1310 and the shared clectrical node conirol channel may
enable an MSIA group size of three nodes. The number of electrical node control sub-channel groups in the
shared clectrical node conirol channel may correspond to the MSIA group size allowed by the shared
electrical node control channel. Each of the clectrical node control sub-channel groups 1391, 1392, and
1393 may include a plurality of electrical node control sub-channels, in which an electrical node control
sub-channel of the electrical node control sub-channel group mav be used to couple to one of clectrical
channels 1352, 1353, 1377, 1378, and 1379 Comparing the node 1210 10 FIG. 12 to the node 1319, the
electrical node control channel that inclades the electrical node control sub-channels 1271, 1272, 1273, and

1274 may be considerad as a single electrical node control sub-channel group.
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The node 1310 in FIG. 13A includes a node optical unit 1301 and a node electronic unit 1302, The
node optical unit 1301 includes an optical switch 1311 and photodetectors 1361 and 1362. When the node
1310 is activated, the optical switch 1311 may be conirolled by a node control to roule an optical signal,
which may be received over an optical in-coupling channel 1331, to optical out-coupling channels 1332
and/or 1333, The photodetectors 1361 and 1362 that are coupled to the optical out-coupling channels 1332
and 1333 may produce electrical monitoring signals and outpui the monitoring signals to the node electronic
unit 1302 through the clecirical chanaels 1377 and 1378, The node clectronic wrut 1302 may receive an
electrical activation signal over an electrical signal channel 1331 and send electrical activation signals over
the electrical signal channels 1332 and 1333,

When the node 1310 is activated, the node control may control the node 1310 through an electrical
node control sub-channel group 1391, 1392, or 1393 determined by the node electromc unit 1302 and based
on the electrical activation signal received over the electrical signal channel 1351, FIG.14A illustrates an
example of the nede electronic wnit 1302, which is described later in this disclosure. In some erabodiments,
i addition to ON or OFF mformation that may respectively activate or deactivate the node 1310, the
electrical activation signal received over the electrical signal channel 1351 may include sub-channel group
selection information for the selection of the electrical node control sub-channel group. Similarly, the
electrical activation signals to be sent over the electrical signal chaonels 1352 and 1353 may aclude sub-
channel group selection information, in addition o ON/OFF information for activation.

When the electrical activation signal received over the electrical signal channel 1351 is in an ON
state, the node electronic unit 1302 may use the sub-channel group selection information in the clectrical
activation signal to select (or pick) one of the clecirical node control sub~channel groups 1391, 1392, and
1393. Then the node electronic vnit 1302 may establish an ¢lectrical connection between the node control
and the node 1310 through the electrical node control sub-channel group selected, and the node control may
control the node 1310. The operation of the activated node 1310 may be sumilar to that of an activated node
1210 in FIG. 12, except that electrical signals received by the node 1310 from the node control through the
selected elecirical node control sub-channel group may include information that may determine the sub-
channel group selection nformation of the electrical activation signals to be sent over the electrical signal
channels 1352 and 1353, When the clectrical activation signal received over the electrical signal channel
1351 15 i an OFF state, the node clectronic unit 1302 may cut off electrical connections between the node
control and the node 1310 through the electrical node control sub-channel groups 1391, 1392, and 1393 so
that the node control may not control the node 1310, The operation of the deactivated node 1310 may be
similar to that of a deactivated node 1210 1n FIG. 12.

FIG. 13B iilusirates an example of a plurality of nodes, including nodes 1310-1, 1310-2, 13103,

1310-4, 1310-5, and 1310-6, that may be coupled to a node control 1381 by sharing an electrical node
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control channel that includes the sub-channel groups 1391, 1392, and 1393. Each of the nodes 1310-1,
1310-2, 1310-3, 1310-4, 1310-5, and 1310-6 is a node 1310 in FIG. 13A. The example in FIG. 13B may
allow a group of up to three activated nodes selected from any of the nodes 1310-1, 1316-2, 1310-3, 1310-
4, 1310-5, and 1310-6 i be simultaneously and dividually conirolled by the node control 1381, To be
consistent with the MSIA group size of three nodes allowed by the shared electrical node control channel,
a maximum of three nodes selected from the nodes 1310-1, 1310-2, 1310-3, 1310-4, 1310-5, and 1310-6
may receive an electrical activation signal in an ON state, while the other nodes may receive an electrical
activation signal in an OFF state, over their respective elecincal signal channels 1351, Additionally, the
clectrical activation signal received by each of the activated ones of the nodes 1310-1, 13102, 1310-3,
1310-4, 13106-5, and 13106 over its electrical signal channel 1351 may include sub-channel group selection
mformation that may be used by the node electronic unit 1302 of the activated node to pick one of the
clectrical node control sub-channel groups 1391, 1392, and 1393, The elecirical activation signals received
by the activated nodes may include such sub-channel group selection information that may casse an
electrical node control sub-channel group to be selected by no more than one activated node.

The node 1310 in FIG. 13A may be modified to result in other implementations of the node 1010
i FIG. 10A or implementations of the node 1020 in FIG. 108, the node 1030 in FIG. 10C, or the node
1040 10 FIG. 10D, Examples of such a modified node 1310 may mnclude, but are not imited to, nodes that
are counterparts to the node 1120 in FIG. 11B, the node 1130 in FIG. 11C, the node 1140 1n FIG. 11D, and
the node 1130 1n FIG. 11E. A plurality of any of these nodes may be coupled to a node control through a
shared electrical node control channel that includes the sub-channel groups 1391, 1392, and 1393 in a
configuration similar to the example in FIG. 13B.

FIG.14 A llustrates an example node electronic unit 1402, which may be the node electronic unit
1302 of the node 1310 in FIG. 13A. The node electronic unit 1402 m FIG 14A may allow a group of up to
three activated nodes selected from a plurality of the nodes 1310 to be simultaneously and individually
controlled by a node conirol through a shared elecirical node control channel, e.g., an MSIA group size of
three nodes. An electrical channel 1479 may correspond to the electrical channel 1379 for coupling to the
optical switch 1311. An electrical channel 1477 may correspond to the electrical channel 1377 for coupling
to the photodatector 1361, An electrical channel 1478 may correspond to the electrical channel 1378 for
coupling to the photodetector 1362,

Additionally, a first electrical signal channel that includes electrical signal sub-channels 1431 and
1439 may correspond to the electrical signal channel 1351 in FIG. 13A, in which the elecirical signal sub-
channels 1451 and 1439 may form a 2-bit electrical channel that may allow the node 1310 to receive an
electrical activation signal as an encoded 2-bit logic signal. In the node electronic unit 1402, an electrical

activation signal m an OFF state may be represented by logical LOW 1n both the electrical signal sub-
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channels 1451 and 1459, and an clectrical activation signal in an ON state may be represented by logical
HIGH in etther or both of the electrical signal sub-channels 1451 and 1439, The sub-channel group seleciion
mformation 1o the clecincal activation signal may be eacoded as a 2-bit binary awnber according to the
electrical signals 1 the elecirical signal sub-channels 1451 and 1439, 1n which logical LOW may represent
ZERO (0) and logical HIGH may represent ONE (1), Similarly, a second ¢lectrical signal channel that
cludes elecirical signal sub-channels 1432 and 1434 may correspond to the elecirical signal channel 1352
in FIG. 13A, so that the electrical signal sub-channels 1432 and 1454 may enable the node electronic unit
1402 to send out an electrical activation signal as an encoded 2-bit logic signal. Similar to the second
electrical signal channel, a third electrical signal channel that includes electrical signal sub-channels 1433
and 1435 may correspond to the electrical signal channel 1353 1 FIG. 13A. Depending on the MSIA group
sizes allowed by the node 1310 and the child nodes of the node 1310, the number of electrical signal sub-
channels in the first electrical signal channel may or may not be the same as the number of electrical signal
sub-channels in the second or third electrical signal channel Additionally, the encoding format of the
clectrical activation signal received over the first electrical signal channel may or may not be the same as
the encoding formats of the electrical activation signals sent over the second and tlurd electrical signal
channels.

Furthermore, a first electrical node control sub-channel group that includes electrical sode control
sub-channels 1412, 1413, 1414, 1415, 1417, 1418, and 1419 may correspond to the electrical node countrol
sub-channel group 1391 m FIG. 13A. A second electrical node control sub-channel group that includes
clectrical node control sub-channels 1422, 1423, 1424, 1423, 1427, 1428, and 1429 may correspond to the
clectrical node conirol sub-channel group 1392 n FIG. 13A. A third electrical node control sub-channel
group that mchudes electrical node control sub-channels 1432, 1433, 1434, 1435, 1437, 1438, and 1439
may correspond (o the electrical node control sub-channel group 1393 in FIG. 13A. The number of electrical
node control sub-channels in the first, second, and third clectrical node control sub-channel groups may
depend on the MSIA group sizes atlowed by the child nodes of the node 1310.

The node electronic unit 1402 may include an clectrical selection sub-unit 1407, which includes
power multiplexer 1469, analog demultiplexers 1467 and 1468, and digital multiplexers 1462, 1463, 1464,
and 1463. The operations of the power multiplexer 1469, analog demultiplexers 1467 and 1468, and digital
multiplexers 1462, 1463, 1464, and 14635 may be determined by the electrical activation signal received
over the electrical signal sub-channels 1451 and 1439, The power multiplexer 1469 in the node electronic
unit 1402 may correspond to the node electronic sub-unit 1241 10 the node 1210, The analog demultiplexers
1467 and 1468 together with a node electronic sub-unit 1403 may correspond to the photodetector control
sub-uait 1242, The digital multiplexers 1462, 1463, 1464, and 1463 may correspond {o the node electronic

sub-unit 1246,
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When an clectrical activation signal in an OFF state (¢.g., the number zero encoded as a 2-bit binary
number) is received over the first electrical signal channel that includes the sub-channels 1451 and 1439,
the power muliiplexer 1469 may conneci the electrical channel 1479 o input port O of the multiplexer 1469,
so that no clectrical connection may be established between the electrical channel 1479 and any of the
electrical node control sub-channels 1419, 1429, and 1439. When an electrical activation signal in an ON
state {¢.g., a number other than zero encoded as a 2-bit binary number) 1s received over the first electrical
signal chanael, the power multiplexer 1469 may connect the electrical channel 1479 to the mput port of the
mudtiplexer 1469 corresponding to the 2-bit binary number. For example, when the nomber one encoded as
a 2-bit binary number is received over the clectrical signal sub-channels 1431 and 1439, the power
multiplexer 1469 may connect the electrical channel 1479 to mnput port 1 of the multiplexer §469, so that
an electrical connection may be established between the electrical channel 1479 and the elecirical node
control sub-channel 1419 of the first electrical node control sub-channel group.

The analog demultiplexers 1467 and 1468 may operate similarly to the power multiplexer 1469,
except that the analog demultiplexers 1467 and 1468 may handle cloctrical signals respectively received
over the electrical channels 1477 and 1478. For example, an electrical monitoring signal may be received
over the electrical channel 1477, The clectrical monitoring signal may be transmitted through the node
electronie sub-unit 1403 and be coupled to the input port of the analog demultipleser 1467 for output as an
electrical feedback signal. When an electrical activation signal 1n an ON state is received over the first
clectrical signal channel that includes the sub-channels 1451 and 1459, the analog demultiplexer 1467 may
route the electrical feedback signal to one of output ports 1, 2, and 3 of the demultiplexer 1467, which may
respectively be coupled to the clectrical node control sub-channels 1417, 1427, and 1437 When an
clectrical activation signal in an OFF state is received over the first electrical signal channel, the analog
demultiplexer 1467 may route the electrical feedback signal to output port U of the demultiplexer 1467, so
that the electrical channel 1477 may be decoupled from the electrical node control sub-channels 1417, 1427,
and 1437, and bence no elecirical feedback signal may be transmitted to any of the first, second, and third
clectrical node control sub-channel groups.

The digital multiplexers 1462, 1463, 1464, and 14635 may operate similarly to the power multiplexer
1469, except that the digital multiplexers 1462, 1463, 1464, and 1465 may handle electrical control signals
that may be received by the node electronic unit 1402 from a node control through one of the first, sceond,
and third elecirical node control sub-channel groups. When an clectrical activation signal in an ON state is
recetved over the first electrical signal channel that imcludes the sub-channels 1451 and 1459, the digital
multiplexers 1462, 1463, 1464, and 1463 may respectively connect the electrical signal sub-channels 1432,
1453, 1454, and 1435 to the input ports of the digital multiplexers 1462, 1463, 1464, and 14635 that

correspond to the 2-bit binary number represented by the electrical activation signal. For example, when
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fogical HIGHs are both received over the electrical signal sub-channels 1451 and 1439, the digital
multiplexers 1462, 1463, 1464, and 1463 may respectively connect the electrical signal sub-channels 1432,
1453, 1454, and 14535 to inpui ports 3 of the digital multiplexers 1462, 1463, 1464, and 1465, In this case,
electrical connections may be established respectively between the electrical signal sub-channel 1452 and
the electrical node control sub-channel 1432 between the electrical signal sub-channel 14353 and the
electrical node control sub-channel 1433, between the electrical signal sub-channet 1454 and the electrical
node coniroel sub-channel 1434, and between the elecinical signal sub-channel 1455 and the elecirical node
control sub-channel 1435, Thas, an clectrical control signal encoded as a 2-bit logic signal may be passed
from the clectrical node control sub-channels 1432 and 1434 of the third electrical node control sub-channel
group to the second electrical signal channel that includes the sub-channels 1432 and 1454, and another
electrical conirol signal encoded as a 2-bit logic signal may be passed from the electrical node control sub-
channels 1433 and 1435 of the third electrical node control sub-channel group to the third electrical signal
channel that includes the sub-channels 1433 and 1453, In this case, the electrical control signals received
over the third electrical node control sub-channel group may be passed to the second and third electrical
signal channels as electrical activation signals. When an clectrical activation signal i an OFF state 15
received over the clectrical signal sub~channcls 1451 and 1439, the digital multiplexers 1462, 1463, 1464,
and 1465 may respectively connect the electrical sigual sub-channels 1452, 1453, 1454, and 1435 to input
ports O of the digital multiplexers 1462, 1463, 1464, and 1465, In this case, the input poris { of the digital
multiplexers 1462, 1463, 1464, and 1465 may be set to logical LOW (0), so that an clectrical activation
signal in an OFF state mayv be sent over cach of the second and thud electrical signal channels.

The node electronic unit 1402 may allow a group of up to three activated nodes 1310 to be
simulianecusly and ndividually controlled by a node conirol through a shared elecirical node control
chanael that ncludes the first, second, and third electrical node conirol sub-channel groups. The node
clectronic unit 1402 may be modified to allow a group of up to any number of activated nodes 1310 to be
simultancously and individually controlled by a node control through a shared electrical node control
channel, by including appropriate numbers of electrical signal sub-channels and elecirical node control sub-
channels in the modified node electronic unit 1402, and using the power multiplexer 1469, analog
demaltiplexers 1467 and 1468, and digital multiplexers 1462, 1463, 1464, and 1465 with appropriaic
munbers of input and output ports. The node electronic unit 1402 may be implemented to couple to any
number of photodetectors to output electrical feedback signals, by including appropriate numbers of
electrical node conirol sub-channels and analog demultiplexers, and ruodifving the node electronic sub-unit
1403 accordingly. The node electronic unit 1402 may also use elecirical activation signals and/or electrical
control signals encoded in other formats by imcorporating corresponding electrical selection circuits and/or

electrical channels.

46



10

30

WO 2025/096014 PCT/US2024/030031

The node electronic unit 1402 may be modified to be used in a modified node 1310, which mav be
another implementation of the node 1010 in FIG. 10A or an implementation of the node 1020 in FIG. 10B,
the node 1030 in FIG. 10C, or the node 1040 in FIG. 10D. As an example, FIG. 14B illustrates another
example node clectronic unit 1403 modified from the node elecironic unit 1402, The node clectronic unit
1403 may be used 1n a modified node 1310 with the photodetectors 1361 and 1362 removed. An electrical
selection sub-unit 1408 in the node electronic unit 1403 is similar to the clectnical scloction sub-unit 1407
in the node electronic unit 1402 except that the electrical selection sub-unii 1408 may not include analog
demaltiplexers for handling elecirical signals ouiput from photodetectors. FIG. 14C illustrates another
example node electronic unit 1404 modified from the node electronic unit 1402, The node electronic unit
1404 may be used 1n a modified node 1310 as an implementation of the node 1030 in FIG. 10C, which may
not send out an electrical activation signal. An electrical selection sub-unit 1409 in the node electronic unit
1404 15 sumilar to the clectrical selection sub-unit 1407 in the node electronic unit 1402 except that the
electrical selection sub-unit 1409 may not nclude digital multiplexers for sending out slectrical activation
signals. Additionally, the node electronic unit 1404 may couple to an electrical node control sub-channel
1441, When the node electronic unit 1404 receives an electrical activation signal m an OFF state over the
clectrical signal sub-channels 1451 and 1439, the node clectronic wmt 1404 may transmit an clectrical
feedback signal over the electrical node control sub-channel 1441, The electrical foedback sigual may be
related o a sum of electrical moniforing signals recetved over the electrical chanpels 1477 and 1478, The
clectrical feedback signal may be used to monitor optical signals received by the modified node 1310 m a
deactivated state.

In the examples of FIGs. 14A and 148, the clectrical activation signals sent over the second
electrical signal channel (including the sub-channels 1432 and 1454) and the third elecirical signal channel
(including the sub-channels 1433 and 1455) by the node clectronic vnit 1402 or 1403 are directly associated
with the electrical control signals received over the first, second, or third electrical node control sub-channcl
groups. In some instances, the electrical activation signals sent over the second and third electrical signal
channels may be based on encoded eclectrical control signals received over the first, second, or third
electrical node control sub-channel groups, and after some signal processing by the node electronic anit
1402 or 1403, In other instances, the clectrical activation signals sent over the second and third clectrical
signal channels may be based on enceded cleetrical control signals received over electrical nede control
sub-channels that may be separate from the first, second, and third electrical node control sub-channel
groups. The electrical node control sub-channels may not be atiributed to a particular one of the first, second,
and third elecirical node control sub-channel groups.

FIG. 15 illustrates an example ORC 1599, The ORC 1599 demonsirates that uiilizing clectrical

feedback signals output from both an activated node and a deactivated node may reduce optical power
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consumption for an input optical signal to be routed through the photonic network circuit of the ORC 1399,
The consumption may be due to sphitting the input optical signal within the photonic network circuit to
produce electrical feedback signals for controlling the activated nodes in the photonic network circuit. The
ORC 1399 may uvtilize a node cmploying the node electronic unit 1404 in FIG. 14C, which may send
electrical feedback signals when the node 1s activated or deactivated.

The ORC 1399 includes a photonic network circuit 1500 m a form of a 4-level bnary tree and a
node control system 1380 with four node controls 1581, 1582, 1583, and 1584, An ORC controller 1590
may determine the operational state of the ORC 1599, Smilar to the ORC 699 i FIG. 6, the ORC 1599
may route an optical signal simulianeously to up to any three of the optical output channels of the ORC
1599

In the ORC 1599, only nodes in selected subsets of the photonic network circuit 1500 mayv include
photodetectors to transmit electrical feedback signals to the node control system 1580, In the example of
FIG. 15, only nodes in the last level of the photonic network circuit 1500 as a subset, which mncludes nodes
15340-1, 1340-2, 1540-3, 1540-4, 1540-5, 1540-6, 1540-7, and 1540-8, may mclude photodetectors and
transmit electrical feedback signals to the node control system 1380, In some mstances, nodes 1o a subset
other than the last level, or nodes in one or more subscts, may include photodetectors and transmit electrical
feedback signals to the node control system 1380

In the photonic network circuit 1500, a node 1510 may be aclivated, remain activated, and be
controlled by the node control 1581 through an electrical node control channel 1371, The node 1510 may
mclude an optical switch only. For example, the node 1510 may be implemented similarly to the node 1140
i FIG. 11D but with the node electronic unit 11035 removed. Sumilar to the node 1510, nodes 1320-1 and
1520-2 may be activated, remain activated, and be conirolled by the node control 1582 through elecirical
node control channels 1572 and 1573, The nodes 1320-1 and 1520-2 may be implemenied similarly to the
node 1140 in FIG. 11D, except that the nodes 1520-1 and 1520-2 may pass electrical control signals
received from the node control 1582 through sub-channels of the electrical node control channels 1572 and
1573 directly as electrical activation signals over electrical signal channels 1554, 1355, 1556, and 1557 1o
nodes 1530-1, 1330-2, 15303, and 1530-4 (c.g., without passing through a node clectronic sub-unit that
corresponds to the node electronic sub-unit 1148 in FIG. 11D, Each of the clectrical signal channels 15534,
1355, 1556, and 1537 may mclude sub-channels {o transmit clectrical activation signals that may be 2-bit
logic signals to carry both ON/OFF information and sub-channel group sclection information. Each of the
nodes 1530-1, 1530-2, 1530-3, and 1536-4 may be implemented as a modified node 1310 with the node
electronic unit 1403 i FIG. 14B, and each of the nodes 1540-1, 1540-2, 1540-3, 1540-4, 1540-5, 1540-6,
1540-7, and 1540-8 may be implemented as a modified node 1310 with the node elecironic umit 1404 in

FIG. 14C. The nodes 1530-1, 1330-2, 1530-3, and 15330-4 as a subset may be electrically coupled to the
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node control 1583 by sharing an electrical node control channel that includes clectrical node control sub-
channel groups 1391, 1592, and 1593, Comparing FIG. 15 1o FIG. 14B, the electrical node control sub-
chanoel group 1591 may correspond io a first sub-channel group that includes the sub-channels 1412, 1413,
1414, 1415, and 1419. The clectrical ncde control sub-channel group 1592 may correspond to a second
sub-channel group that includes the sub~channels 1422, 1423, 1424, 14235, and 1429. The electrical node
control sub-channel group 15393 may comespond to a third sub-channel group that includes the sub-channels
1432, 1433, 1434, 14335, and 1439. The nodes 1540-1, 1540-2, 1540-3, 1540-4, 1540-53, 1540-6, 1540-7,
and 1540-8 as a subset may be electrically coupled fo the node control 1584 by sharing an electrical node
control channel that includes an electrical node control sub-channel 1574 and sub-channel groups 1594,
1595, and 1596, Companng FIG. 15 to FIG. 14C, the electrical node control sub-channel 1574 may
correspond to the sub-channel 1441, The clectrical node control sub-~channel group 1594 may correspond
to a fourth sub-channel group that includes the sub-channels 1417, 1418 and 1419. The electrical node
control sub-channel group 1593 may correspond to a fifth sub-chaanel group that includes the sub-channels
1427, 1428 and 1429 The electrical node control sub-channel group 1396 mayv correspond to a sixth sub-
channel group that includes the sub-channels 1437, 1438 and 1439.

In the example of FIG. 135, the node control 1584 may simultancously and individually control up
to three activated onces of the nodes 1340-1, 1540-2, 1540-3, 1540-4, 1540-3, 1540-6, 1540-7, and 1540-8
through one or more of the electrical nede control sub-channel groups 1594, 1595, and 1596, Each of the
activated nodes may send a first electrical feedback signal to the node control 1584 through one of the
electrical node control sub-channels 1594, 1393, and 1396, Also, each of deactivated ones of the nodes
1540-1, 1540-2, 1540-3, 1540-4, 1540-5, 1540-6, 1540-7, and 1340-8 may output an clectrical feedback
signal. The elecirical feedback signals cuiput from the deactivated nodes may be summed and transmitted
to the node control 1584 as a combined sccond elecirical feedback signal through the clectrical node countrol
sub-channel 1574. The second electrical feedback signal may be used to monitor collectively optical signals
being received by the deactivated nodes. The optical signals received by the deactivated nodes may be
considered as residual optical signals being routed in the photonic network circuit 1500,

In an example operation of the ORC 1399, optical output channels 1546, 1547, and 1548 may be
selected to output optical signals from the ORC 1399, An operational state of the ORC 1599 may be
determined based on the selected optical output channels. The photonic network circuit 1500 may be
configured according to the operational state. The nodes 1510, 1520-1, and 1520-2 may be activated and
remain activated. The nodes 1330-1, 1530-2, 1530-3, 1540-2, 1540-4, and 1340-6 may be activated by
receiving clectrical ON signals from their respective parent nodes. The nodes 1530-4, 1340-1, 1540-3,
1540-5, 1540-7, and 1540-8 may be deactivated by receiving electrical OFF signals from their respective

parent nodes. Each of the activated nodes 1340-2, 1540-4, and 1540-6 may transmit a first electrical
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feedback signal to the node control 1584, Each of the deactivated nodes 1340-1, 13540-3, 1540-5, 15340-7,
and 1340-8 may output an elecinical feedback signal that may be proportional to the optical power of a
restdual optical signal recetved by the deactivated node. The electrical feedback signals may be summed
and transmuited as a second electrical feedback signal to the node control 1584 through the elecincal node
control sub-channel 1574, The node control system 1580 may control, in accordance with the operational
state, the activated nodes 1510, 1320-1, 1520-2, 1530-1, 1530-2, 1530-3, 1540-2, 1340-4, and 1540-6 by
minimizing the second clectrical feedback signal and monttoring the first electrical feedback signals to
attamn designated fractions of optical cutputs for the activaled nodes 1510, 1520-1, 1520-2, 1530-1, 1530~
2, 1530-3, 1540-2, 1540-4, and 1540-6.

For mstance, the node control 1384 may control each of the activated nodes 1540-2, 1540-4, and
1540-6 to attam the designated fractions of optical cuiputs (e.g., maximally 1o each of the optical cutput
channels 1546, 1547, and 1548) for the activated nodes 1540-2, 1540-4, and 1540-6 based on the first
electrical feedback signals received from the activated nodes 1340-2, 1540-4, and 1540-6. When the
designated fractions for the nodes 1540-2, 1540-4, and 1340-6 are attained, the node control 1383 may
control each of the activated nodes 1530-1, 1530-2, and 1530-3 to mmimize optical signals that mav be
coupled to the deactivated nodes 1340-1, 1540-3, and 1540-5 by minimizing the second elecirical feedback
signal sent by the deactivated nodes 1540-1, 1540-3, 1540-5, 1340-7, and 1540-8 while maximizing the
first electrical feedback signals sent by the activaied nodes 1340-2, 1540-4, and 1540-6. In this process, the
designated fractions of optical outputs {e.g., maximally to cach of the optical out-coupling channels 1339,
1541, and 1543) for the nodes 1330-1, 1530-2, and 1530-3 may be attained. When the designated fractions
for the nodes 1330-1, 1530-2, and 1530-3 are attained, the node control 1382 may control cach of the
activaied nodes 1520-1 and 1320-2 to minimize optical signals that may be coupled to the deactivated node
1330-4, and hence the deactivated nodes 1540-7 and 1540-8, by miimizing the second electrical feedback
signal while maximizing the first electrical feedback signal sent by the node 1540-6 and attaining a target
ratio {e.g., 1:1) between the first electrical feedback signals respectively sent by the nodes 1340-2 and 1340~
4. In this process, the designated fractions of optical outputs for the nodes 1520-1 and 1520-2 may be
attained. When the designated fractions for the nodes 1520-1 and 1520-2 are attained, the node control 1581
raay control the activated node 1510 to attain target ratios {c.g., 1:1:1) among the first electrical feedback
signals respectively sent by the nodes 1540-2, 1340-4, and 1340-6. In thus process, the designated fractions
of optical outputs for the node 1510 may be attained.

Controlling the activated nodes based on the first and second electrical feedback signals may be
performed at a calibration stage of the ORC. The calibration may also be performed when a change of an
operating temperature and/or other conditions of the ORC may occwr. In some embodiments, photodetectors

may be used in a subset or group of nodes of a photonic network circuit to provide electrical feedback
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signals for optical signal monitoring. In other embodiments, photodetectors may be used in more than one
subset or group of nodes of the photonic network circuit for optical signal monitoring. In further
embodiments, photodetectors may be used in all nodes of the photonic network circuit for optical signal
monifortng. Optical signal monitoring requires consunmption of optical power to produce the electrical
feedback signals. In the example of FIG. 135, photodetectors are used in the last level (e.g., the nodes 1540-
1, 1540-2, 1540-3, 1540-4, 1340-3, 1540-6, 1540-7, and 1340-8) of the photonic network curcuit 1500 to
produce electrical feedback signals from both activated and deactivated nodes. This maay result 1o reduced
optical power consumption as compared to embodiments in which pholodetectors are used in all nodes or
in more than one subset or group of nodes.

In some embodiments, the operation and/or calibration of the ORC may be performed by using the
first electrical feedback signals produced by the activaied nodes but not the second electrical feedback
signal produced by the deactivated nodes. For instance, the node control svstem 1580 may control the
activated nodes 15402, 1540-4, and 1540-6 based on the first electrical feedback signals received from the
activaled nodes 1340-2, 1540-4, and 1540-6 (e.g., maximuzing the first electrical feedback signals sent by
the activated nodes §540-2, 1540-4, and 1540-6), and then the activated nodes 1530-1, 1530-2, and 1530-3
based on the furst clectrical feedback signals received from the activated nodes 1540-2, 1540-4, and 1540-
6 (o.g., maximizing the first electrical feedback signals sent by the activated nodes 1540-2, 1546-4, and
1540-6), and then the activated nodes 1520-1 and 1520-2 based on the first elecirical feedback signals
received from the activated nodes 1540-2, 1340-4, and 1340-6 (e.g., maximizing the {irst electrical feedback
signal sent by the node 1540-6 and attaining a target ratio (c.g., §:1) between the first electrical feedback
signals respectively sent by the nodes 1540-2 and 1340-4), and finally the activated node 1510 based on the
first electrical feedback signals received from the aciivated nodes 1540-2, 1540-4, and 1540-6 (e.g.,
attaming {arget ratios (e.g., 1:1:1) among the first electrical feedback signals respectively sent by the nodes
1540-2, 15404, and 1540-6). In such circumstances, the clectrical node control sub-channel 1574 and the
corresponding electronic components and/or circuits may be optional. For mstance, the nodes 1540-1, 1340-
2, 1540-3, 1540-4, 1540-3, 1540-6, 1540-7, and 1540-8 in FIG. 135 may include node electronic units with
the ports 0 of the analog demultiplexers of the node electronic units not coupled to the electrical node
control sub-channel 1574 (e.g., each of the node electronic units may be a modified node electronic unit
1404 1n FIG. 14C with the ports 0 of the analog demultiplexers 1467 and 1468 coupled to ground, mstead
of the electrical node control sub-channel 1441, as in the node electronic unit 1401 in FIG. 14A).

In some instances, using photodetectors in more than one subset of nodes to produce electrical
feedback signals from both activated and deactivaied nodes may allow a photonic network circuit to attain
the operational state of the ORC in a shorter time at the expense of an increase in the optical power

consumption {o produce the electrical feedback signals. For example, according to the mumber of subsets
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of nodes that mayv produce clectrical feedback signals, a photonic network circuit may be treated separately
as a plurality of photonic network sub-circuils in which nodes in a last level, layer, group, or subset of each
photonic network sub-circait may include photodetectors to produce electrical feedback signals from both
activated and deactivated nodes. The photomic network seb-circuils may then be individually and
concurrently configured by the node control system of the ORC, which may allow the photonic network
circuit to attain the operational state of the ORC i a shorter tune.

FIG. 16A illustrates an example node 1610, which mayv be the node 1040 in FIG. 10D. The
activation of the node 1610 may be determined by an elecirical activation signal sent from a node control,
and the electrical activation signal may be received by the node 1610 directly from the node control through
a shared electrical node control channel. Similar to the node 1310 1 FIG. 13A, the example in FIG. 16A
may allow the node control {o simultancously and individually control a group of up to three activated
nodes 1610 through the shared elecirical node control channel. The shared electrical node control channel
mcludes electrical node control sub-channel 1641 and electrical node control sub-channel groups 1691,
1692, and 1693. The electrical node control sub-channel 1641 may correspond to the electrical node control
sub-channel 1441 m FIG. 14C or the electrical node control sub-channel 1574 in FIG. 15 for transmitting
a second electrical feedback signal. The number of electrical node control sub-channel groups in the shared
electrical node control chanuel may correspond to the maximum number of activated nodes that may be
simultaneously and mdividually controlled by the node control. The node 1610 may be used, for example,
as the node 902, 903, 904, 903, 906, 306, 908, 909, 910, 911, 912, 913, 814, or 915 in FIG. 9.

The node 1610 includes a node optical unit 1601 and a node clectronic unit 1602, The node 1610
may be activated by receiving an clecirical activation signal from a node control through any of the
electrical node control sub-channel groups 1691, 1692, and 1693, instead of from a parent node through an
electrical signal channel. In addition to ON or OFF information that may respectively activate or deactivate
the node 1610, the elecirical activation signal received by the node 1610 from the node control may include
sub-channel group selection information, which may be used for the selection of an electrical nede control
sub-channel group for the control of the node 1610 by the node countrol. A plurality of the nodes 1610 may
be coupled to a node conirol through a shared clectrical node control channel that includes the sub-channel
1641 and the sub-channel groups 1691, 1692, and 1693 in a configuration similar o the example in FIG.
13B. The nodes in the plurabity may receive the same electrical activation signal sent from the node control.
The electrical activation signal may be considered as an electrical control signal sent by the node control
and received by the nodes in the plurality.

FIG. 16B iHustrates an example node clectronic unit 1602 of the node 1610 ia FIG. 16A. The
electrical nede control sub-channel group 1691 includes sub-channels 1616, 1617, 1618, and 1619, the

clectrical node control sub-channel group 1692 includes sub-channels 1626, 1627, 1628, and 1629, and the
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clectrical node control sub-channel group 1693 includes sub-channels 1636, 1637, 1638, and 1639, A power
multiplexer 1669 and analog demultiplexers 1667 and 1668 in an electrical selection sub-unit 1609 may
respectively correspond to the power multiplexer 1469 and analog demultiplexers 1467 and 1468 10 the
electrical selection sub-unit 1409 of the node electronic unit 1404 in FIG. 14C. Similarly, a node clectronic
sub-unit 1606 in the node electronic unit 1602 may correspond to the node clectronic sub-unit 1406 in the
node electronic unit 1404, Furthermore, the electrical node control sub-channels 1617, 1618, 1619, 1627,
1628, 1629, 1637, 1638, and 1639 may respectively correspond to the ¢lectrical node control sub-channels
1417, 1418, 1419, 1427 1428, 1429, 1437, 1438, and 1439 in FIG.14C.

The node electronic unit 1602 includes a sub-channel group selection unit 1666, which may select
the electrical node control sub-channel groups 1691, 1692, and/or 1693 for the control of the node 1610 by
a node control. For a plurality of the nodes 1610 that may share an electrical node control channel for the
control of the nodes by a node countrol, a node identifier may be assigned to cach node in the plurality. The
node identifier of a node in the plurality may wuquely distinguish the node from the other nodes in the
plurality. The node identifier may be registered in the node 1610 in such a way that it mav be accessed by
the sub-channel group selection unit 1666, The node identifier may be registered in the sub-channel group
selection circuit 1666 in the node electronic unit 1602,

The sub-channel group selection unit 1666 may receive an elecirical activation signal sent from a
node control through one of the electrical node control sub-channels 1616, 1626, and 1636, In some
mgstances, the sub-channel group selection unit 1666 may receive electrical activation signals through more
than one of the electrical node control sub-channels 1616, 1626, and 1636. In further instances, the sub-
channel group selection unit 1666 may not receive an electrical activation signal through the clectrical node
control sub-channel 1616, 1626, or 1636,

An electrical activation signal sent over the electrical node contrel sub-channel 1616, 1626, or 1636
may be an encoded signal that may include node identification information related to a node identifier. The
node identification information mayv be used as the sub-channel group selection information of the clectrical
activation signal. An ON state of the electrical activation signal with respect to the node clectronic unit
1602 may correspond to the node dentification information of the electrical activation signal that matches
the node identificr registered in the node 1610, The electrical node control sub-channel group 1691 may be
selected for the control of the node 1610 by the node control when an electrical ON signal is received
through the clectrical node control sub-channel 1616. The clecirical node control sub-channel group 1692
raay be selected for the control of the node 1610 by the node control when an electrical ON signal is received
through the electrical node control sub-channel 1626. The elecirical node control sub-channel group 1693
nay be selected for the control of the node 1610 by the node control when an electrical ON signal is received

through the clectrical node control sub-channel 1636, The node identification mformation of the electrical
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activation signals sent over the electrical node control sub-channels 1616, 1626, and 1636 mav or may not
be the same. An OFF state of the elecirical activation signal with respect to the node electronic unit 1602
may correspond to the node identification information that does not maich the node identifier registered in
the node 1610. The node 1610 may be set to be deactivated by default when an elecirical activation signal
m an ON state is not received by the node electronic unit 1602, The sub-channel group selection unit 1666
may include electronic componenis that may be used to decode the node identification information in the
clectrical activation signal.

The sub-channel group selection uanit 1666 may alse cuiput a sub-channel group selection signal to
the power multiplexer 1669 and the analog demultiplexers 1667 and 1668, The sub-channel group selection
signal may be used for the selection of an input port of the power multiplexer 1669 and an output port of
cach of the analog demultiplexers 1667 and 1668, As in the example of FIG. 16B, the sub-channel group
selection signal mav be a 2-bit logic signal that may be transmitied 1n two electrical chanunels for the port
selections of the power multiplexer 1669 and the analog demultiplexers 1667 and 1668,

In an example operation, the sub-channel group selection unit 1666 may compare the node
identification information of a received electrical activation signal with the node identifier registered in the
node 1610. When the node identification information, with or without being decoded, maiches the node
wlentifier, the sub-chanoel group selection uvait 1666 may activate the node 1610 by outputting a sub-
channel group selection signal to the power multiplexer 1669 and the analog demultiplexers 1667 and 1668,
so that the sub-channel group selection signal may be used to select those ports of the multiplexer 1669 and
the demultiplexers 1667 and 1668 that allow clectrical connections to be cstablished between a group
mcluding the electrical channels 1677, 1678, and 1679 and the clectrical node conirol sub~-channel group
over which the electrical activation sigaal was received. For exarmaple, the sub-channel group selection vait
1666 receives an clectrical activation signal over the sub-channel 1626 of the clectrical node control sub-
channel group 1692, The node identification information of the electrical activation signal may match the
node identifier registered in the node 1610, The sub-channel group selection unit 1666 may output a sub-
channel group selection signal encoded as the 2-bit binary number for number two to the power multiplexer
1669 and the analog demoltiplexers 1667 and 1668. As a result, the ports 2 of the power multiplexer 1669
and the analog demultiplexers 1667 and 1668 may be sclected so that electrical connections may be
established respectively between the electrical channel 1677 and the sub-channel 1627 of the electrical node
control sub-channel group 1692, between the clectrical channel 1678 and the sub-channel 1628 of the
glectrical node control sub-channel group 1692, and between the electrical channel 1679 and the sub-
channel 1629 of the electrical node control sub-channel group 1692,

In other isstances, the sub-channel group selection unit 1666 may not receive an clectrical

activation signal over the electrical node control sub-channel 1616, 1626, or 1636 in which the node
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identification information of the clectrical activation signal, with or without being decoded, matches the
node identifier registered in the node 1610, The sub-channel group seleciion unit 1666 may deactivate the
node 1610 by cuiputting a sub-channel group selection signal to the power multiplexer 1669 and the analog
demultiplexers 1667 and 1668, so that vo elecirical connection may be established between the electrical
channels 1677, 1678, and 1679 and the clectrical node control sub-channel groups 1691, 1692, and 1693,
Additionally, when the node 1610 1s deactivated, the electrical selection sub-unit 1609 may establish
clectrical connections between the electrical node control sub-channel 1641 and the electrical channels
1677 and 1678, so that electrical monitoring signals from the clectrical channels 1677 and 1678 may be
transmitted to the node control through the clectrical node control sub-channel 1641 as electrical feedback
signals. The sub-channel group selection signal may be used to select ports § of the power multiplexer 1669
and the analog demultiplexers 1667 and 1668, and ports 0 of the analog demultiplexers 1667 and 1668 may
be electrically coupled to the elecirical node control sub-channel 1641, The electrical feedback signals
output from ports 0 of the analog demultiplexers 1667 and 1668 may be summed before 1t may be
transmitted to the electrical node control sub-channel 1641, The summed electrical feedback signals, which
may be transmitted through the clectrical node conirol sub-channel 1641, may be an clectrical feedback
signal for monitoring optical signals that mav be received by the deactivated node 1616,

1o some embadiments, the node 1610 and the node electronic unit 1602 may be modified to operate
withouot cuiputting an electrical feedback signal through the electrical node control sub-channel 1641 when
the node 1610 1s deactivated.

An electrical activation signal, which may be received by the sub-channel group selection unit 1666
over the elecirical node control sub~channel 1616, 1626, or 1636, may be a sequence of digitally encoded
signals that may be transmiited in a serial communication channel, and the electrical node control sub-
channels 1616, 1626 and/or 1636 may be a sental communication channel. In some embodiments, the
clectrical activation signal may be a scquence of digitally encoded signals that may be transmitied in a
paralie! communication channel, and the electrical node control sub-channels 1616, 1626 and/or 1636 may
be a paralle! communication chaunel that may include more thas one physical electrical connection paths.

The node electronic unit 1602 may allow a group of up fo three activated nodes 1610 to be
simultaneously and individually controlled by a node conirol, e.g., an MSIA group size of three nodes,
through a shared clectrical node control channel that includes the sub-channel groups 1692, 1692 and 1693,
The node electronic unit 1602 may be modified to allow a group of up to any number of activated nodes
1610 to be simultancously and individually controlied by a node control through a shared electrical node
control channel.

Acceording to some embodiments of a node of the present disclosure, the node may receive a clock

signal from a node control.
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FIG. 17 is a flowchart of an example method 1700 performed in an ORC (c.g., any of the example
ORCs previously described). In certain embodimenis, components of the ORC perform the steps of the
method 1700, By performing the method 1700, the ORC routes optical signals with a reduced or simplified
control interface between a node control system of the ORC and a photonic network circuit of the ORC.

In block 1702, the node control system configures a first node of the photonic network circuit to
direct an optical signal to a second node. The node conirol system may be electrically coupled to the first
node by a first node control channel. The node control system may configure the first node through the first
node control chaanel. The second node may be optically coupled to the first node by a first optical signal
channel. The first node may direct the optical signal to the second node through the first optical signal
channel. The first node may also be optically coupled to a third node through a second optical signal channel.
Due o the configuration by the node control system, the first node may not direct the optical signal {o the
third node through the second optical signal channel.

The node control system may be clectrically coupled to the second nede and the third node through
a sccond node control channel. The second node control channel may be shared by the second node and the
third node. The second node and the third node may receive the same electrical signal over the second node
control channel The node control system may configure the second node and the third node through the
second node control chaanel. The node control system may iostruct the second node or the third node how
to route or direct optical signals.

In block 1704, the node control system activates the second node. The first node may be elecinically
coupled to the second node by a first electrical signal channel. The first node mav communicate an clecirical
activation signal to the second node to activate the second node. For example, the electrical activation signal
may be a logical signal in an ON state. When the second node recetves the electrical activation signal, the
second node activates. In some instances, the first node generates the electrical activation signal to the
second node based on control signals from the node control system over the first node control channel. In
some instances, the second node may be activated by receiving the elecirical activation signal directly from
the node control system through the second node control channel, 1n which the electrical activation signal
incledes information that is recognized by the second node for the activation.

When the second node is activated, the second node is allowed to be configured or controlied by
the node control system through the second node control channel. For example, the second node may be
controlled by the node control syvstem through the second node control channel to direct the optical signal
to a child node of the second node.

In block 1706, the node control system deactivates the third node. The first node may be elecirically
connected to the third nede by a second elecirical signal channel. The first node may communicate an

clectrical activation signal to the third node to deactivate the third node. For example, the electrical
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activation signal mav be a logical signal m an OFF state. When the third node receives the electrical
activation signal, the third node deactivates. In some instances, the first node generates the electrical
activation signal to the third node based on control signals from the node conirol sysiem over the first node
control channel. In some instances, the third node may be deactivated by receiving the electrical activation
signal directly from the node control system through the second node control channel, in which the electrical
activation signal includes information that is recognized by the third node for the deactivation. In some
cases, the third node may be deactivated by defauli, and the node control svstem may “deactivate” the third
node by not sending the third gode an clectrical activation signal in ag ON state.

When the third node is deactivated, the third node is not configured or controlled by the node
control system through the second node control channel. As a result, the second node control channel may
be shared by the second node and the third node while being used to control only the second node. The
shared second node control channel reduces or simplifies the connection interface between the node control
system and the photonic network circuit.

For the purposcs of deseribing and defining the present disclosure, 1t 1s noted that terms of degree

ERINAS PEINT

(e.g., “substantially,” “shghtly.” “about,” “comparable,” eic.) may be utihzed herein fo represent the
mherent degree of uncertainty that may be attributed to any quantifative comparison, value, measurement,
or other representation. Such terms of degree may also be utilized herein to represent the degree by which
a guantitalive representation may vary from a stated reference (e.g., about 10% or less) without resulting in
a change n the basic fimetion of the subject matter at 1ssue. Unless otherwise stated herein, anv numerical
value appearing in the present disclosure are deemed modified by a term of degree (c.g., “about™), thereby
reflecting its infrinsic uncertainty.

Although various embodiments of the present disclosure have been described i detailed herein,
one of ordinary skill in the art would readily appreciate modifications and other embodiments withouat

departing from the spirit and scope of the present disclosure as stated in the appended claims.
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WHAT IS CLAIMED IS:

1 An optical routing circuit coraprising:
a first node;
a second nede; and
a third node, wherein a first optical signal channel optically couples the first node to the second
node, wherein a second optical signal channel optically couples the first node to the third node; and
a node control system, wherein a first node conirol channel electrically couples the first node to the
node control system, and wherein a second node control channel electrically couples both the second node
and the third node to the node control system, wherein when the second node is activated and the third node
is deactivated:
control of the second node by the node control system through the second node control
channel is enabled;
control of the third node by the node control system through the second node control
channel is disabled; and
control of the first node by the node control system through the first node control channel
is enabled such that the furst node directs an optical signal o the second node through the first

optical signal channel rather than to the third node through the second optical signal channel.

2. The optical routing circuit of claim 1, wherein when the second node is activated and the
third node is activated:

conirel of the second node and the third node by the node conirol systern through the second node
control channel is enabled; and

control of the first node by the node control svstem through the first node control channel 1s enabled
such that the first node is arranged to direct an optical signal to the second node through the first optical

signal channel and an optical signal to the third node through the sccond optical signal channel.

3. The optical routing circuit of claim 1, wherein the first node is electrically coupled to the
second node by a first electrical signal channel, and wherein the first node 1s arranged to activate or
deactivate the sccond node by dirceting a first clectrical activation signal to the second node through the

first electrical signal channel.

4, The optical routing circuit of claim 3, wherein the first node 15 electrically coupled to the

third node by a second clectrical signal channel, and wherein the first node is arranged to activate or
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deactivate the third node by directing a sccond electrical activation signal to the third node through the

second electrical signal channel.

3. The optical routing circutt of claim 3, wherein the node control system is arranged to direct

the first electrical activation signal to the first node through the first node control channel.

5. The optical routing circuit of claim 3, wherein:

the second node control channel comprises a plurality of sub-channel groups;

the first electrical activation signal comprises sub-channel group selection information; and

the second node 1s arranged to select, based on the sub-channel group selection mformation, a sub-

channel group of the plurality of sub-channel groups for conirol of the second node by the node control

system.

7. The optical routing circwt of claim 1, wherein activating the second node is based on a

node identifier in an electrical signal to the second node matching a node identifier of the second node.

8. The opiical routing circuit of claim 1, wherein the first node comprises an optical switch

controlled by the node control system to direct the optical signal to the second node or the third node.

9. The optical routing circuit of claim 1, wherein the second node is arranged to direct an

electrical feedback signal to the node control system through the second node control channel.

10. The optical routing circuit of claim 9, wherein:

the second node comprises a photodetector;

the clectrical feedback signal 1s based on an elecirical monitoring signal output by the photedetecior;
and

the node control system is arranged o control at least one of the first node, the second node, or the

third node based on the electrical feedback signal.

1L A node of an optical routing circut, the node comprising a node optical unit and a node
electronic umt, wherein:

the node optical unit comprises an optical switch;

the node optical unit is electrically coupled to the node electronic unii;

the node clectronic unit 1s ¢lectrically coupled to a node control channel;

when the nede 1s activated, the node electronic unit enables control of the node optical unit by a

node control system through the node control channel such that the optical switch directs an optical signal
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at the node optical unit to at lcast one of a first optical signal channel coupled to the node optical unitor a
second optical signal channel coupled to the node optical unit; and
when the node is deactivated, the node electronic unit disables control of the node optical unit by

the node control system through the node control channel.

12. The node of claim 11, wherein enabling conirel of the node optical unit by the node control
svstemn comprises establishing an electrical connection between the node optical unit and the node countrol
channel, whereas when the node is deactivated, the control of the node optical unit by the node conirol
system is disabled by cutting off the elecincal connection between the node eptical umit and the node countrol

channel.

13 The node of claim 11, wherein the node electronic unit is arranged to receive an clectrical

activation signal, and wherein the node is activated or deactivaied based on the electrical aciivation signal.

14. The node of claim 13, wherein the node electronic unit 1s arranged to receive the electrical

activation signal from the node countrol svstom through the node control channel.

15. The node of claim 13, wherein the node clectronic unit is further electrically coupled to an
clectrical signal channel, and wherein the node electronic unit is arranged to recetve the electrical activation

signal from the electrical signal channel.

16. The node of claim 13, wherein

the node control channel comprises a plurality of sub-channel groups;

the clectrical activation signal comprises sub-channel group selection information; and

the node electronic unit is arranged to select, based on the sub-channel group selection information,
a sub-channel group of the plurality of sub-channel groups for control of the node optical unit by the node

control system.

i7. The node of claim 13, wherein:
the electrical activation signal further comprises a node identifier; and
the node 15 arranged to activate when the node identifier in the electrical activation signal matches

a node 1dentifier of the node.

18 The node of claim 11, wherein the node electronic unit is arranged to direct an clectrical

feedback signal to the node control system through the node control channel.
19 The node of claim 18, wherein
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the node optical unit comprises a photodetector; and
the electrical feedback signal is based on an electrical monitoring signal ouiput from the

photodetector.

20. The node of claim 11, wherein, when the node is deactivated, the node electronic wmt cuts

off a power supply to the optical switch.

21 A method for routing an optical signal, the method comprising:

configuring, through a {irst node control channel electrically coupled to a first node of an optical
routing circutt (ORC) and a node conitrol system, the first node to direct, through a first optical signal
channel optically coupled to the first node and a second node of the ORC, an optical signal to the second
node rather than to a third node of the ORC through a sccond optical signal channel optically coupled 1o
the fiest node and the third node when the second node is activated and the third nede is deactivated;

controlling, through a second node control channel electrically coupled to the second node, the
third node, and the node control system, the second node when the second node 1s activated and the third
node is deactivated; and

conirelling, through the second node control channel, the third node when the third node is activated

and the second node is deactivated.

22 The method of claim 21, further comprising:
activating, through the second node control channel, the third node; and
configuring the first node through the first node conirol channel such that the furst node directs an

optical signal to the third node through the second optical signal channel

23. The method of claim 21, further comprising communicating, from the first node and
through a first clecirical signal channel electrically coupled to the first node and the second node, a first

electrical activaiion signal to the second node to activate the second node.

24. The method of claim 21, further comprising communicating, from the first node and
through a second clectrical signal channel electrically coupled to the first node and the third node, a second

clectrical activation signal to the third node to activate the third node.

25. The method of claim 21, wherein the first node comprises an optical switch, wherein the

optical swiich directs the optical signal o the second node.

26. The method of claim 21, further comprising directing, by the second node, an electrical

feedback signal to the node control system through the second node control channel.
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27. The method of claim 26, further comprising:

producing, by a photodetector in the second node, an electrical monitoring signal, wherein the
electrical feedback signal is based on the electrical monitoring signal; and

controlling, by the node control system, at least one of the first node, the second node, or the third

node based on the clectrical feedback signal.



